Exploration of novel routes to azo-linked oligoporphyrins by Goh, Mean See
 
 
   
  
 
Queensland University of Technology 
 
Exploration of Novel Routes to Azo-linked Oligoporphyrins 
 
 
 
Submitted by 
Mean See Goh 
Bachelor of Applied Science (Biotechnology/Chemistry) 
 
 
Presented to the Discipline of Nanotechnology and Molecular Science 
School of Chemistry, Physics and Mechanical Engineering 
In partial fulfilment of the requirements of the degree of 
MAppSc by Research 

                    
i | P a g e  
 
Declaration 
 
The work enclosed in this thesis has not been formerly submitted to meet the 
requirements for a degree or diploma at this or any other higher education institution. To 
the best of my knowledge and belief, this thesis contains no material that has been 
previously published or written by another person except where due reference is made or 
cited. 
 
Mean See Goh 
October 2013  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QUT Verified Signature
                    
ii | P a g e  
 
Keywords 
 
Amination, Azobenzene, Azocarboxylate Porphyrin, Azoporphyrin, Carbamate, 
Chemistry, Decarboxylation, Decomposition, Diaza-Diels-Alder, Diene, Dienophile, 
Dioxoporphyrin, Gold Nanoparticle, Hydrazine, Hydrolysis, Hydroxyporphyrin, 
Palladium-Catalysis, Porphyrin, Retro-Diaza-Diels-Alder, Spectroscopy, Synthesis, X-
ray Crystallography. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    
iii | P a g e  
 
Abstract 
 
Azoporphyrins (diporphyrins linked by a trans-diazene bridge) are desirable synthetic 
targets as they combine extended porphyrinoid conjugation with the potential 
photoreactivity of the azo-linkage. Azo-linked porphyrins with an open meso position 
for elaboration are not easily synthesised. Novel routes were used in this project to 
prepare larger arrays of azo-linked porphyrins. 
 
The making of azoporphyrin was explored with the combination of diaza-Diels-Alder, 
hydrolysis/decarboxylation, palladium-catalysed amination and retro-diaza-Diels-Alder 
reactions. During the synthetic processes, a series of carbamates was successfully 
synthesised along with their derived hydrazines and a number of monomeric porphyrin 
precursors. Contradictory results were found in the literature regarding the diaza-Diels-
Alder reactions of interest and some claims were found to be incorrect. The 
hydrolysis/decarboxylation reactions were not trivial. Some of the hydrazines were 
extremely air-sensitive and decomposed completely in minutes via auto-oxidation and 
retro-diaza-Diels-Alder reaction. Unexpected isolation of the 2,3-diazabicyclo[2.2.2]-
octadiene N-oxide complicated the progress of the work. Both highly intricate sharp 
multiplets and relatively broad signals were found in the NMR spectrum of this 
compound, which was proved to be a chiral molecule. Two-dimensional NMR 
experiments revealed slightly different assignments from those previously reported. 
Nonetheless, both the novel compounds and known compounds lacking experimental 
data in the literature were fully characterised by a range of techniques such as NMR, IR, 
UV/vis, MS, m.p., DSC, X-ray diffraction and elemental analyses.  
 
The first X-ray crystal structure of an azodicarboxylate (di-tert-butyl azodicarboxylate) 
was also obtained in this project. In an interesting and surprising result, it was revealed 
as having virtually orthogonal conformation in the structure of this apparently 
conjugated system and this was proved to be the global energy minimum by theoretical 
calculations.  
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Unfortunately, due to the extremely labile systems encountered, the synthesis of 
azoporphyrin was not achieved. However, three novel porphyrins resulting from the 
coupling of bromoporphyrins with exotic hydrazines were obtained in relatively good 
yields under mild conditions and ambient temperature. The novel Ni(II) complex of the 
aminated porphyrin was also characterised crystallographically. An unreported 
hydroxyporphyrin was prepared during this study and the facile synthesis of two 
dioxoporphyrins was achieved. The presence of paramagnetic oxy radical species in 
equilibrium with the hydroxyporphyrin was confirmed by EPR measurements. The 
novel dimeric analogue of dioxoporphyrin showed a typical split and broadened Soret 
band while the Q bands were red-shifted and intensified. All these porphyrins were fully 
characterised spectroscopically.  
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1 Introduction 
 
1.1 General Background 
Porphyrins, “The Pigments of Life” are exceptionally vital natural substances. The word 
is derived from ancient Greek word, ó (porphyry) for the colour purple and the 
class of porphyrinoids is recognised as any of a huge category of intensely-coloured red 
or purple fluorescent crystalline pigments that are substituted derivatives of porphine 1.  
 
 
It is obvious that the above synthetic purple crystalline solid, porphine (C20H14N4), is a 
macrocyclic, planar, aromatic molecule constituted of four pyrrole residues joined by –
CH= assemblies.1 There are actually 22 π electrons in the porphine macrocycle 1, 
however it is an interrupted cyclic loop of electrons. Therefore, only 18 of the π 
electrons are engaged in the aromaticity of the macrocycle and one 18π pathway is 
shown in Figure 1.1.1.  
 
Figure 1.1.1 18π-Electron delocalisation pathway in the porphyrin macrocycle. 
 
Furthermore, the typical characteristic of a porphyrin is the electronic absorption 
spectrum that consists of a band at about 400 nm known as the Soret or B band and 
weak band(s) at approximately 550 nm known as Q band(s), where the number of Q 
bands depends on whether the porphyrin is metallated. Free base porphyrins display four 
Q bands due to their lower symmetry, in comparison to metallated porphyrins. These 
features are well demonstrated in Figure 1.1.2 (left). Hence, Ultraviolet-visible (UV/vis) 
       β 
           α 
               meso 
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spectroscopy is a powerful and valuable technique in porphyrin chemistry. It can also be 
used to distinguish a porphyrin monomer from a dimer which will be explained in 
Section 1.4. 
 
Figure 1.1.2 Electronic absorption spectra of a porphyrin monomer (left) and dimer (right). 
  
Commonly, meso or β-positions on porphyrin macrocycle as shown in 1 are employed 
for substitution reactions. It is known that β-substituents usually result in only small 
perturbation of the electron structure of porphyrin compared to meso-substituents.2 This 
is due to the smaller combined frontier orbital coefficients at β-positions than at meso-
positions. Also, it is an indication that with conjugated substituents, better electronic 
communication can be achieved at meso-positions. Consequently, this is the reason for 
synthesising porphyrin oligomers that are linked via meso-positions. 
 
1.2 Porphyrins, The Colours of Life 
Significant attention has been concentrated on the synthesis, design and exploitation of 
porphyrins’ properties, primarily due to their prevalence in Nature and their interesting 
electronic properties. For instance, the unique fundamental roles of porphyrins include 
oxygen transport in blood using heme 2 to harvesting of light by chlorophyll 3, that are 
essential to many biological processes and certainly the existence of life. 
 
N
N N
N
Ph
Zn
Ph
Ph
N
N N
N
Ph
Zn Ph
Ph
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N
NN
N
Mg
O
OC20H39O
H3CO2C
3  
 
Clearly, in both of the above molecules, diverse substituents can be seen on the central 
porphyrin macrocycle. Small modifications of substituents cause significant changes to 
the biological activity as undoubtedly 2 and 3 carry out immensely distinct biological 
functions. Apart from these pigments, porphyrins play significant roles in many natural 
processes. They can be found in enzymes such as peroxidases and cytochrome oxidase. 
 
1.3 Diverse Potential Functions of Porphyrins and Their Analogues 
On the other hand, there are numerous synthetic porphyrins employed as light harvesting 
machineries, molecular receptors, potential molecular wires and photodynamic therapy 
agents for cancer treatments.3-5 That is why porphyrins are involved in a wide variety of 
potential applications ranging from materials chemistry to medicinal chemistry, merely 
based on their unique characteristics such as small highest occupied molecular orbital- 
lowest unoccupied molecular orbital (HOMO-LUMO) gaps, intense absorbance and 
high stability.2-4 In recent years, non-linear optical (NLO) applications of porphyrins 
have also been emphasised as they are related to conjugation and more importantly, 
conjugated porphyrin oligomers out-perform all other novel organic materials in this 
area.2  
 
1.4 Porphyrin Bridges 
Undeniably there is a great interest in constructing the most efficient linkage to and 
between porphyrins so that extension of the conjugated electronic structure of porphyrin 
macrocycle can be achieved. This is also crucial in molecular analogues of mechanical 
components and information storage and processing elements, as conjugated organic 
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pigments whose shape and or optical properties can be switched electro- or 
photochemically are always needed.6 Not surprisingly, a large number of porphyrin 
arrays have been investigated from the linkage of porphyrin monomers.2,7,8 Significant 
research has been done in creating conjugated porphyrin oligomers which are large, 
polarisable aromatic units. This is interesting as the porphyrin π systems can merge to 
form enormous supermolecular chromophores.2  Porphyrins also offer the advantages of 
having intense light absorption, multiple accessible oxidation states, and synthetic 
control of properties through peripheral or central substitution.6 To further enhance the 
conjugation of porphyrins, 5,15-diarylporphyrins (H2DPP 4 or H2DAP 5) are normally 
used for the synthesis of conjugated or directly-linked porphyrin arrays. Typically, 5,15-
diarylporphyrins can be synthesised in a two-step process, as shown in Scheme 1.4.1. 
 
 
 
Scheme 1.4.1 Synthesis of dipyrromethane 6 from pyrrole, and meso-substituted diarylporphyrin 4 
or 5 from dipyrromethane.9 
 
As mentioned before, possessing the most competent conjugated bridge or linkage is 
crucial in generating uninterrupted electronic communication between porphyrin 
macrocycles. Theoretically, an alkene bridge should result in paramount conjugation as 
it allows continual sp2 hybridisation.  Also, in the general arena of organic chemistry, 
alkene connection has been verified by Cheng and co-workers to offer better electronic 
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communication than the alkyne linkages.10 Essentially, the weaker communication of 
alkynes is owing to the poor -overlap between sp and sp2 orbitals.11 However, this is not 
the case observed in (E)-ethene linkage in the octaethylporpphyrin (OEP) system 7, 
simply due to the steric bulk of the ethyl groups adjacent to the linker pushing the two 
macrocycles out of coplanarity. (E)-Ethene-linked porphyrin dimers 8 that are less 
sterically hindered have also been investigated.12,13 Surprisingly, even with these β-
unsubstituted dimers, better electronic communication was discovered in alkyne linkage 
than in the alkene.  
  
 
In short, due to the steric encumbrance between the alkene hydrogens and β-hydrogens 
on the porphyrin (Figure 1.4.1), alkyne linker between the macrocycles permits better 
electronic communication. The extent of communication decreases dramatically merely 
based on the hindrance that causes the out-of-planarity in alkene-linked porphyrins. 
 
Figure 1.4.1 Alkene-linked porphyrin dimer showing steric hindrance. 
 
From the crystal structures below, the dihedral angle of ethene-linked 5,10,15-
triphenylporphyrin (TriPP) dimer14 is 50° whereas that of azo-linked dimer6 is 37°. The 
evident out-of-plane twist in the ethene-linked dimer is due to the close proximity of the 
ethenediyl CH group (C21) to the nearby β-CH group (C3') of the porphyrin. Hence, 
with the twist, some intramolecular steric hindrance is alleviated.14 On the other hand, 
the analogous azo-linked dimer that does not have hydrogen atoms on the bridge 
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exhibits significantly less out-of-plane twist of 37° mainly due to reduced intramolecular 
steric strain.6,14 It is true to say that azo linkage is nearly as sterically unencumbered as 
an alkyne link for example, and has less bond length alternation.2 Anderson and co-
workers also suggested that good orbital matching through continuous sp2 conjugation 
was combined with less steric interference in azo-linked dimer than those observed with 
the alkene linker.15 
   
                 
Figure 1.4.2 The crystal structure of nickel ethene-linked TriPP dimer (left) and nickel azo-linked 
TriPP dimer (right) from two different perpectives: (top) orthogonal to the mean planes of the 
porphyrin rings; (bottom) parallel to the mean planes. 
    
The field of conjugated porphyrin dimers was pioneered by Arnold and co-workers 
where the first conjugated porphyrin dimer 9 was synthesised in 1978.16  
N
N N
N
Ni
N
N N
N
Ni
Et
Et
Et
EtEt
Et
Et
EtEt
Et
Et
Et
Et
Et Et
Et
9  
 
The enhanced conjugation in dimer 9 compared to the monomeric constituent was 
evidenced by the red-shifting of Q-bands and splitting of the Soret band in UV/vis 
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spectrum. Essentially, conjugation causes splitting in the π and π* levels, diminishing 
the HOMO-LUMO gap and the manifestations of this are reflected in the UV/vis 
spectrum.2 These features can also be observed in Figure 1.1.2 (right) with ethene-linked 
TriPP dimer.  
 
Additionally, apart from the type of linkers, both the positions where the linker joined 
and the length of the linker itself demonstrate significant influence on the properties of 
the dimers. Lin and Therien revealed that the greatest impact on the electronic coupling 
was the sites where the linker joined the dimers and level of electronic coupling 
diminished with increasing bridge length.17 The degree of electronic coupling can be 
arranged in the following order where meso-to-meso linkages> meso-to-β > β-to-β 
linker, when steric influences are absent. This is because in both HOMO and LUMO, the 
frontier molecular orbital coefficients on the β-position are smaller than those on the 
meso.17 Thus, the position of the conjugated linker has to be taken into consideration in 
the achievement of extended conjugation between the macrocycles in larger arrays. Not 
only that, based on a sequence of butadiyne-linked oligomers (monomer to hexamer), 
Anderson and co-workers showed that escalating conjugation was observed with 
increasing number of monomers.18 
 
A comparative study investigating the influence of various conjugated bridges with 
meso-linked porphyrin dimers and porphyrin aryl compounds was also carried out by 
Anderson and co-workers.15 However, only the porphyrin dimers with alkyne 10 and 
imine 11 bridge were successfully synthesised, but not azo-linked macrocycles 12. The 
novel azo-linked dimers 13 (first example of an “azoporphyrin”) was synthesised by 
Esdaile in 2007 at QUT.6 Essentially, the azo-bridge was verified to be the most 
competent linkage in electronic communication when X-ray crystallography and UV/vis 
spectra of all the meso-substituted porphyrin-aryl compounds 14-18 were compared to 
those of the porphyrin dimers 10, 11.15 In addition, a huge red-shift in the absorption 
spectra that indicates an increase in the conjugation was also detected for all the meso-
substituted compounds 14-18. Nonetheless, azo 14 shows the highest red-shifting 
followed by acetylene 18, imine 15, 16 and alkene 17 with the smallest red-shifting 
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among the series.15 Interestingly, greatest electronic overlap was observed in 14b where 
the Soret band was split. In short, for a conjugated dimer, it is typical to have split Soret 
band together with red-shift and intensification of Q bands. 
N
N N
N
Ar
Zn
Ar
X1
N
N N
N
Ar
Zn
Ar
X2
Ar = 3,5-tBu2C6H3
N
N N
N
Ar
Zn
Ar
X1X2 Y
a: Y = H
b: Y = NO2
c: Y = C2TMS
10 X1X2 = CC
11 X1X2 = N=CH
12 X1X2 = N=N
14 X1X2 = N=N
15 X1X2 = N=CH
16 X1X2 = CH=N
17 X1X2 = CH=CH
18 X1X2 = CC  
 
 
               
From all the bridges discussed so far, azo linkage shows the most remarkable property in 
terms of electronic communication. Hence, with azoporphyrins 12 and 13, their organic 
analogue is of course azobenzene, where the azo linkage is simply joined by two phenyl 
rings. Thus, the following sections will be focusing on the properties of azobenzene and 
various synthetic methods known for its synthesis. 
 
1.5 Azobenzenes 
Due to their extended conjugation and ability to absorb in the visible region, 
azobenzenes possess many applications. For instance, they have been extensively 
utilised as dyes because of their superior light stability and bright colours, and from 
economic and green chemistry perspectives, they are accessible from moderately or low-
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priced compounds.19 Photoresponsive molecular switches can also be developed based 
on the light-driven reversible cis-trans isomerisation of azobenzenes. Molecular sensors 
that change colours,20 a photobiological switch which triggered changing of its 
biological target by light,21 and many other synthetic examples have been studied based 
on azobenzenes. Azo compounds can also serve as diagnostic probes for the 
visualisation of amyloid plaques in the brains of Alzheimer’s patients. They are also 
popular in areas such as non-linear optics, optical storage media, chemosensors, liquid 
crystals, molecular shuttles, nanotubes, protective eye glasses and filters.22 In general, 
aromatic azo compounds are extensively used in the chemical industry as dyes, 
pigments, food additives, indicators, radical reaction initiators, therapeutic agents and 
they have shown positive applications in electronics, drug delivery and so on.22 
 
This exciting field was reviewed by Merino in 2011, covering recent advances on 
various synthetic methods reported on azo compounds.22 A variety of well-known 
reactions can be discussed for the synthesis of azobenzenes. These include partial 
reduction of nitro-, nitroso- or azoxyarenes, azo coupling of aryl diazonium salts with 
electron-rich arenes, Mills reaction (where aryl amines are coupled with nitrosoarenes), 
Wallach reaction (where azoxybenzenes are transformed into 4-hydroxy substituted 
azoderivatives in acid media), one-pot CuI-mediated coupling/oxidation reactions of bis-
tert-butoxycarbonyl-protected aryl hydrazines and aryl halides, oxidation of anilines, 
dehydrogenation of arylhydrazines, dimerisation reaction of diazonium salts, triazene 
rearrangement, thermolysis of azides, decomposition of N,N’-p-benzoquinonediimines 
dioxides, reaction of arylcalcium derivatives with nitrous oxide, metal catalysed 
coupling of arylhydrazines, opening of benzotriazoles, and finally reaction of quinones 
or quinone acetals with arylhydrazines.22,23 The most significant of these methods will 
now be discussed. 
 
1.6 Synthetic Methods for Azobenzenes 
1.6.1 Azo Coupling Reaction 
This method requires initial diazotisation of an aromatic primary amine at low 
temperature followed by the reaction with an electron-rich aromatic nucleophile. 
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Diazonium salts are weak electrophiles and hence they react with electron-rich moieties, 
such as substituted arenes having electron donor groups, to produce azobenzenes. 
Typically, this type of reaction does not require long times and generally results in high 
yields as shown in Scheme 1.6.1.24 The coupling reaction is an electrophilic aromatic 
substitution of the para-carbon of phenol with the electrophilic terminal nitrogen of the 
diazonium salt. More importantly, azo coupling has also allowed the introduction of azo 
groups to aryl substituents attached to porphyrins 19,25 as well as meta-cyclophanes and 
calixarenes. 
 
Scheme 1.6.1 Typical reaction between diazonium salt and substituted phenol at 0 °C using K2CO3 
as base.24 
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1.6.2 Mills Reaction 
This is a reaction between aromatic nitroso derivatives and anilines in glacial acetic acid, 
shown in Scheme 1.6.2,26 involving the attack of aniline on the nitroso derivative in acid 
media that leads to azobenzene after dehydration of the intermediate 20.27 
 
Scheme 1.6.2 Mills reaction between aromatic nitroso derivatives and anilines in glacial acetic 
acid.26 
 
 
Scheme 1.6.3 Mechanism for Mills reaction.27 
 
1.6.3 Wallach Reaction 
This reaction involves the conversion of azoxybenzene through treatment with acid into 
a 4-hydroxy substituted azo-derivative or sometimes the 2-hydroxy isomer (Scheme 
1.6.4).28 Azoxybenzene is accessible by a variety of means including reduction of 
nitrobenzene with alcoholic potassium hydroxide/acetaldehyde, hydrogen/PbO or the 
oxidation of aniline with hydrogen peroxide or permanganic acid/formaldehyde and so 
on.29-31 Interestingly, in 1925, the formation of 2-hydroxy azobenzene was also observed 
by Cumming when azoxybenzene solution in ethanol was irradiated with UV light.32 
Use of Lewis acids such as SbCl5 with azoxybenzenes in Wallach reactions has also 
been achieved. In general, the Lewis acid complexes with azoxybenzene, which is 
followed by thermolysis of the complex to yield targeted substituted azo-derivative. 
However, the complex formation followed by the thermal ortho-Wallach reaction does 
not take place with Lewis acids such as TiCl4, AlCl3, FeCl3 and ZnBr2.33 
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Scheme 1.6.4 Wallach reaction of 4-nitro azoxy compound to give 2-hydroxy isomer as the main 
product.28 
 
1.6.4 Reduction of Azoxybenzenes 
In addition, treatment of azoxyarenes in reducing conditions such as hydrazine hydrate 
in the presence of aluminium in methanol under reflux or microwave irradiation can also 
produce azobenzenes in a very short period of time and in excellent yield (Scheme 
1.6.5).34 High yields of azo compounds can be obtained when AlI3 or InCl3 or metal 
triflates such as Zn(OTf)2 or Cu(OTf)2 is used.35 Other reducing agents include yeast-
NaOH-containing solution in ethanol and H2O, tertiary phosphites or tris-
(dimethylamino)phosphine activated by iodine.36-38 
 
Scheme 1.6.5 Reduction of azoxybenzenes using hydrazine hydrate in the presence of aluminium in 
methanol under reflux or microwave irradiation.34 
 
1.6.5 Reductive Coupling of Aromatic Nitro Derivatives 
Symmetrical aromatic azo compounds can be obtained by reductive coupling of 
nitrobenzenes with a wide variety of reducing agents such as LiAlH4, NaBH4, sodium 2-
hydroxyethoxide in ethylene glycol, KOH, Zn/NaOH, Bi, Pb/HCO2NH4 or 
Mg/HCO2HNEt3 in methanol.39-46 When an aryliminedimagnesium reagent 21 is reacted 
with aromatic nitro derivatives, the synthetic utility of this reaction is limited by the lack 
of selectivity as a mixture of unsymmetrical and symmetrical azo and azoxy compounds 
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is obtained.47 Another example of this chemistry was demonstrated by Sakai and co-
workers in 2010 in that they used In(OTf)3/Et3SiH to transform nitro derivatives to 
azobenzenes in 62-99 % yield.48 Interestingly, synthesis of azo compounds in good 
yields is also achievable with the aid of electrochemical reduction using magnesium 
electrodes.49 Table 1.6.1 below lists reducing agents that have been used for reductive 
coupling of nitroarenes.  
 
 
Table 1.6.1 List of reducing agents used for reductive coupling of nitroarenes.50-61 
Al/NaOH under ultrasonic 
conditions 
NiCl2·H2O-Li-4,4’-di-tert-
butylbiphenyl (DTBB) 
magnesium 
diisopropylamide 
Pb/HCO2HNEt3 Pb/CH3CO2NH4 TiCl4/LiAlH4 
NaBH4/(PhTe)2 Co2(CO)8 iron pentacarbonyl/CO 
SnCl2/NaOH FeO glucose/NaOH 
MCln-Mg-THF where MCln = TiCl4, VCl3, CrCl3, MoOCl3, WCl6 or FeCl3 
 
As in Scheme 1.6.6, upon reacting with a reductant, the nitro aromatic compound is 
transformed into a mixture of nitroso derivative and the corresponding hydroxylamine. 
Subsequently, both of them are converted into radical anions that couple to generate an 
N-N bond leading to the N,N’-dihydroxy intermediate followed by dehydration to form 
the azoxy compound. In acid or basic media, the leaving of the proton or hydroxide ion 
is probably aided by molecules of water. Subsequently, the resulting azoxy compound is 
reduced to give azo compound.62 
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Scheme 1.6.6 Mechanistic proposal for the reductive couplings of nitro compounds in the presence 
of base or acid.62 
 
The by-products formed from the reducing agent used in these reactions are not 
environmentally friendly and the reducing agent is used in excess, as this is not a 
desirable route in the present time. Up to 2010, there was only one example of a 
catalytic process to realise this reaction, reported by Zhu and co-workers from QUT, 
who obtained azobenzenes from reduction of nitroaromatic compounds with gold 
nanoparticles (AuNPs) supported on ZrO2, under visible or ultraviolet light irradiation.63 
In Scheme 1.6.7, it can be seen that the azo compounds are obtained with high 
selectivities at ambient temperature and pressure. 
 
Scheme 1.6.7 Reduction of nitroaromatic compounds by AuNPs on ZrO2 in the presence of visible 
light.63 
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1.6.6 Oxidation of Anilines 
In 1972, a new method of obtaining azobenzene from electrolytic oxidation of aromatic 
amines with Pt electrode in dimethylformamide (DMF) and in the presence of pyridine 
was reported.64 A variety of different oxidising agents including sodium perborate/acetic 
acid, potassium permanganate supported on copper(II) sulfate pentahydrate or 
[C16H33N(CH3)3]Cr2O7 and an exotic list of both metallic and non-metallic reagents can 
be found for this purpose, e.g., KO2, NaBO3, Ce(OH)3O2H, Mn(tetraphenyl-
porphyrin)Cl/NaIO4 and so on.65-71 Not only that, HgO-I2 has also been used under both 
photochemical72 and non-irradiated73 oxidation of anilines to obtain azobenzenes in 
relatively good yields. Unfortunately, the metal salts are used in stoichiometric amount 
and are not environmentally friendly oxidants. On the other hand, several examples were 
reported regarding catalytic procedures for this reaction. For instance, catalysis of the 
oxidation of anilines by AuNPs supported on titanium dioxide (TiO2) using oxygen as 
oxidant to form azo compounds was reported by Corma and co-workers, who achieved 
high selectivities and good yields in 2008.74 Not only that, this group also reported a 
two-step one-pot process starting with reduction of nitrobenzene with hydrogen over 
Au/TiO2 and later oxidation of aniline with the same catalyst to give azobenzene in high 
yield (Scheme 1.6.8).74 The only drawback of these reactions is the relatively high 
pressure of oxygen or hydrogen (5-9 bar) that is used. Two years later, milder conditions 
using air or dioxygen as the oxidant and a copper catalyst to yield azo compounds were 
reported by Zhang and co-workers.75 
 
Scheme 1.6.8 Synthesis of azobenzenes from nitrobenzene through a two-step one-pot process.74 
 
1.6.7 Dehydrogenation of Arylhydrazines 
Numerous reports can be found for azo compounds obtained by dehydrogenation of the 
corresponding N,N’-diarylhydrazines using different varieties of oxidant.76-78 However, 
there are only a few examples of catalytic oxidation of arylhydrazines to the 
corresponding azo compounds, e.g., the use of NH4VO3 or Co(II) complexes as catalyst 
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along with oxygen or H2O2 as an oxidant (Scheme 1.6.9).79,80 Again, different 
combinations of catalyst and oxidant are reported for this transformation. 
 
Scheme 1.6.9 Oxidation of hydrazo derivatives with NH4VO3.79 
 
1.6.8 Dimerisation of Diazonium Salts 
Dimerisation of diazonium salts when treated either with copper metal and an acid 
(Gattherman’s method) or with copper(I) salts allows the formation of azo compounds.81 
The course of the reaction is greatly dependent on the nature of the aryl groups. For 
example, a C-C coupling is favoured to give a biaryl compound when the aromatic rings 
have electron-withdrawing groups. On the other hand, when an electron-donating 
substituted diazonium salt is used, it gives mainly the azo compound.82 Essentially, the 
mechanism (Scheme 1.6.10) of this dimerisation is likely to involve free radicals formed 
by the initial transfer of one electron to the diazonium salt.81 The aryl radical formed by 
the elimination of nitrogen from the diazonium radical couples with the diazonium 
radical to give the azo compound or with itself to produce the biaryl compound. 
ArN2+ e- ArN2 · N2
Ar2
ArN2Ar
Ar ·
2 Ar ·
Ar · ArN2 ·  
Scheme 1.6.10 Mechanism for the formation of biaryl and azo compounds from diazonium salts.81 
 
1.6.9 Triazene Rearrangement 
Nietzki discovered this reaction in 1877.22 From Scheme 1.6.11, it can be seen that 
formation of triazene 22 and rearrangement are carried out in a single step in acid media 
to give the azo compounds. The latter product in Scheme 1.6.11 results from 
rearrangement.83 The downside of this reaction is that the yield is normally low due to 
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homolytic side reactions, although these can be reduced by adding small quantities of 
radical scavengers. 
 
Scheme 1.6.11 One-pot reaction for the formation of triazene 22 and rearrangement to form azo 
compounds.83 
 
In brief, an intermolecular three-step mechanism (Scheme 1.6.12) known as Friswell-
Green’s mechanism was proposed for this reaction.84 First, triazene is protonated and 
second, dissociation occurs to give diazonium ion along with aniline and C-coupling of 
these species follows, to give the azo compound. The last step is similar to the reaction 
discussed in Section 1.6.1. 
 
Scheme 1.6.12 Friswell-Green’s mechanism for triazene rearrangement reaction.84 
 
1.6.10 Thermolysis of Azides 
In this type of reaction (Scheme 1.6.13), when aromatic azide is heated in the presence 
of aniline, formation of unsymmetrical azo compounds can be observed in low yield.85 
However, the synthetic usefulness of this reaction is restricted due to the explosiveness 
of azides and they are cumbersome to handle. 
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Scheme 1.6.13 Decomposition of 4-nitrophenyl azide at 135 °C in the presence of 4-methylaniline to 
give azobenzene in 16 % yield.85 
 
1.6.11 Decomposition of N,N’-p-Benzoquinonediimine Dioxides 
The high sensitivities of both dialkyl or diarylsubstituted N,N’-p-benzoquinonediimine 
dioxides to light leads to the fast and quantitative decomposition of these compounds to 
generate 4-benzoquinonimine N-oxides, which in turn transform into p-benzoquinone 
and azo compounds (Scheme 1.6.14).22,86 Similar to the thermolysis of azides, the 
preparative interest of this method is limited. 
 
Scheme 1.6.14 Photochemical decomposition of N-phenyl-N’-(2-naphthyl)-4-quinonediimine-N,N’-
dioxide to yield three azobenzenes.86 
 
1.6.12 Metal-Catalysed Coupling of Arylhydrazines 
In 2003, a new method to synthesise azo compounds was discovered. It was palladium- 
catalysed coupling reaction of t-butyloxycarbonyl (N-Boc) arylhydrazines with aryl 
halides.87 In this reaction, the resulting diaryl hydrazines were directly oxidized with N-
bromosuccinimide (NBS)/pyridine in dichloromethane (DCM) at room temperature to 
give azobenzenes in good yields.87 Another report found that the oxidation step can be 
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achieved in the presence of copper(I) and base, such as CuI and Cs2CO3.88 In 2006, by 
applying this chemistry, Hecht illustrated the incorporation of azobenzene units onto 
porphyrin skeletons and obtained porphyrin 23 where the phenylazo groups are above 
and below the plane of the macrocycle.89 
 
 
1.6.13 Opening of Benzotriazoles 
A direct approach was described by Ziegler and Subramanian to prepare 2-
hydroxyazobenzenes from benzotriazoles by reaction with phenols (Scheme 1.6.15).90 
The opening of the heterocyclic ring was aided by the strongly electron-withdrawing 
nonafluorobutanesulfonyl group. 
 
Scheme 1.6.15 Opening of benzotriazoles to yield azo compound.90 
 
1.6.14  Reaction of Quinones or Quinone Acetals with Arylhydrazines 
In acid medium, azo compounds can also be obtained from the reaction between 
quinones and phenylhydrazine (Scheme 1.6.16).91 
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Scheme 1.6.16 Reaction of quinones with arylhydrazines to yield azo compounds.91 
 
Furthermore, with quinone acetals, which are easily obtained by anodic oxidation of 1,4-
dimethoxybenzenes, Carreño et al. reported that they react with aryl hydrazines to give 
azobenzenes in good yields (Scheme 1.6.17).92 With catalytic amounts of cerium 
ammonium nitrate ((NH4)2[Ce(NO3)6]) (CAN), reaction times can be reduced. It is also 
important to note that no reaction is observed with alkylhydrazines such as benzyl or 
N,N-dimethylhydrazine. 
 
Scheme 1.6.17 Reaction of quinone acetals with arylhydrazines to yield azo compounds.92 
 
1.7 Summary of Azobenzenes Synthesis 
The first three reactions discussed earlier are the most used techniques (Section 1.6.1-
1.6.3). However they all present some drawbacks, e.g., the explosiveness of diazonium 
salts in azo coupling reactions and the necessity to control the temperature. Not only 
that, stoichiometric or excess amounts of oxidant or reductant are required and 
subproducts are obtained in Mills and Wallach reactions. Unfortunately, only few 
examples of catalytic strategies can be found for this purpose and in these cases, only 
symmetrical azobenzenes result. In addition, only 2-hydroxy azobenzenes are obtained 
from the opening of benzotriazoles. Not only that, the preparative interest of 
dimerisation of diazonium salts, triazene rearrangement, thermolysis of azides and 
decomposition of N,N’-p-benzoquinonediimine dioxides is limited by their poor yields. 
With metal-catalysed coupling of arylhydrazines and the reaction of quinones and 
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quinone acetals with arylhydrazines, good yields can be obtained and mild conditions 
are also allowed. 
 
With different reactions discussed so far for the synthesis of azobenzenes, the focus of 
next section is now turned into the preparation of azobenzene-linked diporphyrins and 
some of their interesting properties. 
 
1.8 Azobenzene-Linked Diporphyrins  
The first reported synthesis of a diporphyrin directly linked by azobenzene moiety 24 
was by Lüdtke and co-workers in 1993.93 It was achieved by oxidative coupling of 
aminophenyl-substituted porphyrins with freshly prepared MnO2. However, from the 
spectroscopic data, it is not clear whether the E- or Z-isomer or a mixture of isomers of 
the dimer was formed. 
 
 
Simonneaux and co-workers examined the intramolecular fluorescence quenching in 
azobenzene-substituted porphyrin 25 in 1994.94 The porphyrins were synthesised by 
condensation of aminophenylporphyrins and nitrosophenyl derivatives. They were 
similar to those prepared by Lüdtke and co-workers apart from the different substituents 
on the phenyl groups. It was found that the fluorescence of the porphyrin was greatly 
quenched by the presence of the azophenyl group when it was in the ortho position. The 
ortho position probably maximised the - electronic interaction between the porphyrin 
ring and the azophenyl group and caused the quenching of fluorescence.94 
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In 1999, azobenzene-linked diporphyrin Zn complexes and the free base analogues 26 
were synthesised by Tsuchiya with the aim of developing novel materials for molecular 
electronics, using -halogenated porphyrins.95 Synthetically, base-catalysed 
condensation of either one or two p-nitrophenyl porphyrins in benzene and water over 
zinc powder was used to produce the dimer. This azobenzene-linked diporphyrin 
exhibits photoresponsive characteristics and its cis-trans photoisomerisation is 
reversible. Interestingly, the fluorescence spectrum of 27 changes with isomerisation 
such that the fluorescence intensity of the cis-isomer resulting from photoirradiation is 
smaller than that of the trans-isomer. The coupling of electron-rich and electron-poor 
porphyrins afforded diporphyrin 27 that exhibits highly red-shifted and broadened Soret 
band. These characteristics do not occur from the π-system communication as observed 
for cofacial diporphyrins96,97 as 27 possesses a trans form at the azobenzene linkage due 
to steric interaction between porphyrin Zn complexes, and the two porphyrin rings do 
not interact directly with each other.95 
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In 1988, an isomeric double-decker porphyrin linked by four azobenzene units was 
synthesised.98 The two stable isomers differ in spatial arrangement of the amide groups 
and azobenzene linkages. The synthesis was achieved by first preparing a meso-
tetra(,,,-aminophenyl)porphyrin bearing all-cis predirected functional groups (-
NH2) which was then coupled with functionalised azobenzene to give a porphyrin 
tetraester. This in turn was saponified with KOH/EtOH/THF to obtain the analogous 
tetrapotassium salt of the tetra-linked porphyrin and was converted to a tetra-acid 
chloride using SOCl2, and finally cyclised with the above aminophenyl porphyrin to 
form the double layered porphyrin units that are bridged by four azobenzene links 28. 
Besides the typical bands of porphyrin chromophore in absorption spectrum, 28 shows a 
broadened band in the azobenzene π-π* region at approximately 340 nm compared to its 
monomeric analogue at 330 nm.98 This red-shift of azobenzene band in the dimer 
indicates exciton coupling between the azo-groups and the porphyrins, or charge transfer 
interactions between the closely arranged azobenzene units in the double-decker 
porphyrin.98 
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Interporphyrin distance can be altered by light if the two porphyrins are linked by a 
photoresponsive chromophore. Hence, Arai and co-workers designed and synthesised 
the porphyrin-azobenzene triad 29 in order to prove the aforementioned statement.99 
This diporphyrin was prepared from TPP-CO2H (tetraphenylporphyrin with CO2H 
functional group attached to one of the phenyl groups) and 4,4’-dihydroxyazobenzene. 
The use of ester spacer groups between the azobenzene and porphyrins was to disrupt 
electronic interaction, as the intramolecular electronic communication between the azo 
groups and porphyrin units may cause loss of the normal characteristics of azobenzene 
such as its photoisomerisation. It is also noted that when there are more than two 
azobenzene units, the control of molecular conformation can be tricky as the 
photoirradiation to each azobenzene unit will give a mixture of E- and Z-isomers. From 
the comparison of steady state absorption and fluorescence spectra, it was proven that 
the presence of ester spacer group inhibits or minimises the electronic communication 
between the azobenzene and porphyrin moieties as well as between the two porphyrins. 
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With the presence of azobenzene functional group, Aida and co-workers in 2006 
successfully synthesised a “molecular machine” capable of manipulating a second 
molecule mechanically in a controlled and reversible manner.100 This work shows that 
photo-induced scissor-like conformational changes of one molecule can result in 
mechanical twisting of a non-covalently bound guest molecule. Compound 30 is based 
on one of the previously designed systems of Aida’s group in 2003, consisting of a 
ferrocene moiety with an azobenzene strap in which each end is attached to one of the 
two-cyclopentadienyl rings of the ferrocene unit. This acts as a pivot so that 
photoisomerisation of the strap rotates the ferrocene rings relative to each other and 
therefore, the relative position of the two “pedal” moieties attached to the ferrocene 
rings can be changed.101 Applying the same system, 30 was synthesised and upon 
irradiation with ultraviolet and visible light, the photoisomerisation of the azobenzene 
strap induced a scissor- or pedal-like conformational change of the zinc porphyrin units, 
which can be used to twist the rotary guest namely the nitrogenous base, repeatedly in 
clockwise and counterclockwise directions.100 
 
 
1.9 Azo Bridge in Porphyrins 
Azoporphyrin, also known as meso-substituted diazene-linked porphyrin dimer, is 
always a desirable synthetic target as the azo bridge demonstrates the strongest 
electronic communication between the macrocycles. See Section 1.4. Explicitly, this 
characteristic of azoporphyrin approaches a step closer to the potential applications of 
azo-linked porphyrin oligomers as molecular wires. Nevertheless, azoporphyrin also 
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possesses the prospect of photoactive molecular switches, as it is a structural analogue of 
azobenzene, with its attendant photo-activity. 
 
Besides that, some calculations were reported by Ratner and co-workers regarding the 
effectiveness of azo-linkage in a range of model porphyrin systems.102 For example, 
enhanced NLO properties would be detected in “push-pull” compounds 31 that possess 
azo-linkers. This outcome is possibly due to the comparable electronic behaviour 
between azo and alkene linkages in addition to the steric bulk similarity between alkyne 
and azo-links. The small dihedral twist also allows the two arene groups to come nearer 
to co-planarity and the azo-bridges facilitate sp2 electronic overlap with the macrocycles, 
thereby enabling enhanced communication between the “push” and “pull” components 
in 31. 
 
 
One of the earliest examples of azo-linked porphyrin macrocycles was reported by 
Guilard and co-workers, in which the rings are actually joined via the metal centres, as 
shown in 32.103 As mentioned above, both the experimental15 results and theoretical102 
calculations of azo-bridged porphyrin macrocycles indicate they should display NLO 
activities.  
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Unfortunately, every attempt to synthesise porphyrins with azo linkage directly joined to 
the porphyrin macrocycles was fruitless until 2007. Several techniques were tested by 
Anderson and co-workers in order to synthesise the novel azoporphyrin, including the 
azo coupling of two zinc porphyrins through the reaction of a meso-diazonium salt with 
an electron-rich aromatic unit, the unsubstituted porphyrin. Subsequently, the oxidative 
linking of meso-aminoporphyrins was also tried by the Anderson group, but both 
attempts were unsuccessful due to the inaccessibility of the diazonium salt of the 
porphyrin and incapability in achieving solutions of adequate concentration for 
dimerisation, respectively.15,104  Likewise, coupling of a fluorinated porphyrin with a 
hydrazine-substituted porphyrin was also carried out by the same group, but the reaction 
was not pursued when it was realised that treatment of fluoro-porphyrin with hydrazine 
caused loss of the fluoro group.104 Coupling of a nitrosoporphyrin with an 
aminoporphyrin under dehydrating environments had no success either, as synthesis of 
nitrosoporphyrin was not fruitful. Alternatively, they modified the azo-coupling 
performed earlier and used a less nucleophilic nickel aminoporphyrin (Scheme 1.9.1). 
However, the constitutional isomer of the desired azoporphyrin was achieved instead. It 
was dimer 33 which was believed to arise from the attack of the nitrosoporphyrin on the 
activated meso-position of the aminoporphyrin.104 
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Scheme 1.9.1 The attempted synthesis of an azoporphyrin via diazonium salt formation by 
Anderson and co-workers.104 
 
Furthermore in 2005, the Pd-catalysed coupling of monoprotected hydrazines 
(carbazates) with bromoporphyrins carried out by Arnold and co-workers generated 
several products including the novel diiminoporphodimethenes 34. On the other hand, 
when unsubstituted hydrazine was used to couple with bromoporphyrins, primary amine 
and the nickel(II) complexes of the corresponding bis(porphyrinyl) secondary amine 35 
and 5-hydroxyporphyrin were isolated.105 
                                                              
   
While trying to optimise the yield of 35 from the coupling reaction of bromoporphyrins 
with primary amine using Pd-catalysed conditions, Arnold and co-workers always found 
a small amount of golden-brown product on TLC plates and it was noted that its 
absorption spectrum corresponded to that expected for the novel azoporphyrins. It was 
proposed that it was formed simply by oxidative dimerisation of the primary amine, 
induced by the metal salt. To validate the postulate, bromoporphyrin was omitted from 
the system and the oxidant was changed to copper(II) acetate/pyridine in air. 
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Fascinatingly, the selective preparation of the first azo-bridged porphyrin macrocycles 
was achieved by Arnold and co-workers in 2007 by oxidative homocoupling of primary 
amine MTriPPNH2 using copper catalysis (6 mol% Cu(OAc)2/pyridine in toluene), 
conditions known for Eglinton coupling of terminal alkynes (Scheme 1.9.2).6 Both 
nickel and zinc azoporphyrins were prepared by oxidative coupling in good to high 
yields, 90 and 67% respectively. The yield of the zinc azoporphyrin was since improved 
by Harper to 83 %.106 The zinc analogue was also demetallated to free base dimer and 
re-metallated to the copper dimer.6 
 
Scheme 1.9.2 The copper catalysed synthesis of azoporphyrins.6 
 
Chen and co-workers also successfully synthesised the novel azoporphyrins in 2009 
using meso-aminosubstituted porphyrin, ZnTriPPNH2, in the presence of FeCl3·6H2O 
and DMF (Scheme 1.9.3).107 
 
Scheme 1.9.3 Iron(III) mediated synthesis of azoporphyrins by Chen and co-workers.107 
 
In 2010, Bašić extended the chemistry discovered by Esdaile6 and managed to synthesise 
the tetraporphyrin rectangle 36 that is connected on opposite sides by N2 and on the 
alternate sides by C4 linkages.108 This azo/butadiyne-linked cyclic porphyrin tetramer 
was prepared by the route shown in Scheme 1.9.4. In addition, attempts to prepare the 
                    
30 | P a g e  
 
“all-azo” rhombus tetramer were fruitless as the analogous diamine 37 degraded rapidly 
under oxidative conditions. 
 
 
 
Scheme 1.9.4 Preparation of tetraporphyrin rectangle 36 by Bašić.108  
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Synthesis of β-β TPP azoporphyrin 38 was also reported in 2011 by Pan and co-
workers109 using reductive coupling of the 2-nitro derivative with sodium borohydride 
and Pd/C in DCM/MeOH (Scheme 1.9.5). Apart from the addition of NaOH into the 
reaction mixture, the reagents used were well-known conditions employed for reduction 
of nitroporphyrins to primary aminoporphyrins first introduced by Baldwin et al.110 
Isolation of amine was not mentioned by the Chinese authors and hence, perhaps in situ 
auto-oxidation of the aminoporphyrin is responsible for the formation of the 
azoporphyrin.        
 
Scheme 1.9.5 First synthesis of β-β linked azoporphyrin by Pan and co-workers.109 
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Furthermore, diaryl- or diphenyl porphyrin systems that have two vacant meso-positions 
might allow further coupling of azoporphyrin system to oligomeric arrays as shown in 
Figure 1.9.1.111 Hence, the Arnold group decided that the aforementioned technique used 
in triphenylporphyrin system, should be expanded to a diaryl- or diphenyl-porphyrin 
system. Additionally, diarylporphyrin is preferred over the diphenylporphyrin simply 
because the latter system has lower solubility in organic solvents. 
 
Figure 1.9.1 Proposed azo-linked porphyrin oligomer. 
 
NiDAPNH2 was used as the starting material with the goal that the reaction would 
proceed as for the synthesis of triphenyl azoporphyrins.6,111  However, three products 39, 
40 and 41 were obtained instead of the one desired 39, as shown in Scheme 1.9.6.6,111 
The desired azoporphyrin was isolated in relatively low yield, but the major red-brown 
porphyrin-diiminoporphodimethene (head-to-tail) dimer 40 was obtained in 46 % 
yield6,111 in comparison to the 26 % yield by Anderson group.104 Similarly, the alternate 
reaction with ZnDAPNH2 resulted in various unidentified products.111 
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Scheme 1.9.6 The synthesis of the azoporphyrin 39, the porphyrin-oxo-iminoporphodimethene 
dimer 41, and the porphyrin-diiminoporphodimethene dimer 40 from NiDAPNH2.6,111 
 
Arnold and co-workers subsequently tried to protect the meso-position opposite the 
amino group, with the aim of synthesising the dibromoazoporphrin 42 which could then 
be coupled with hydrazine sulfate to create a diaminoazoporphyrins or hydro-
dehalogenated to give the unsubstituted azoporphyrins 39.111  
 
 
They actually found that after the bromo-protected aminoporphyrin 43 was treated with 
the standard copper/pyridine catalyst for the azo-coupling, the only product isolated was 
the bromoporphyrin-diiminoporphodimethene dimer 44, as illustrated in Scheme 1.9.7, 
instead of the proposed 42.111   
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Scheme 1.9.7 The product obtained from the homocoupling of NiDAPNH2Br 43.111 
 
Interestingly, extending the chemistry of the iron(III) mediated synthesis of 
azoporphyrin, instead of the targeted azopophyrin with free meso positions, Chen and 
co-workers also synthesised the porphyrin/diiminoporphodimethene dyad 45 in 90 % 
yield when NiDPPNH2 with a free meso position was used.107 
 
 
As a result, it can be seen that multiple attempts at expanding the azoporphyrin system 
to form azo-linked multiporphyrin oligomers have been unsuccessful so far. 
Nevertheless, azo-linked 5,10-diaryl porphyrin systems and cyclic porphyrin tetramer 
linked by both azo and butadiyne bridges were successfully synthesised by Arnold group 
as mentioned before.108,112 The diaryl, 5,15-bis(3,5-di-tert-butylphenyl) substituted 
azoporphyrin or any analogues with free terminal meso-positions are yet to be prepared 
in useful yields. 
 
1.10 Project Outline 
Clearly, another route will be needed in order to prepare larger arrays of azoporphyrins. 
Azoporphyrins that have two vacant meso-positions might be synthesised based on the 
novel approaches illustrated in Scheme 1.10.1. In short, from Scheme 1.10.1, our initial 
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synthetic strategy proposed that using diaza-Diels-Alder reactions, a suitable hydrazine 
could be obtained and it could be used for the subsequent bis-amination reaction with 
iodoporphyrin. From the amination product, retro-diaza-Diels-Alder reaction, perhaps in 
the presence of dienophile or simply by heating, could yield the target azoporphyrin. 
There have been numerous reports of the required diaza-Diels-Alder reactions, as well 
as the aminations of halogenated porphyrins with amines. Precedents for aspects of these 
reactions are well known in the literature, however, they have not been applied to 
porphyrins. Hence, the following sections focus on the historical review of the two main 
reactions involved. 
 
Scheme 1.10.1 Synthetic proposal for azoporphyrin. 
 
1.11 An Insight into Diels-Alder and Ene Reactions 
Diels-Alder reaction is the most well-known illustration of pericyclic reactions, where 
electrons rearrange in a circle, and there are no formal negative or positive charges on 
any intermediates. Indeed, there are no intermediates at all. In 1928, Otto Diels (1876-
1954) and his research student Kurt Alder (1902-1958) discovered this reaction at 
University of Kiel. They won the Nobel Prize in 1950. For instance, the reaction can be 
demonstrated as in Scheme 1.11.1. It is known that this reaction (Scheme 1.11.1) 
proceeds in a single step merely on heating.113 From Scheme 1.11.1 below, it can be 
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seen that two  bonds are broken and two  bonds take their place by the electrons 
moving smoothly out of the  orbitals into the  orbitals. In general, Diels-Alder 
reactions take place between a multiple bond containing compound, usually known as 
dienophile, and a conjugated diene. Also, it is a reaction that always results in a new 
cyclohexene ring. As the diene has 4 π electrons and the dienophile has 2 π electrons, it 
is a 4 + 2 cycloaddition.  
 
Scheme 1.11.1 The mechanism of a Diels-Alder reaction between a diene and a dienophile.113 
 
In the normal Diels-Alder reaction, to be an excellent candidate diene, it can be open-
chain or cyclic and it should have electron-donating groups such as alkyl substituents. 
Also, in order for the diene to participate in the reaction, it must be able to take up the 
conformation shown in the mechanism above (Scheme 1.11.1). On the other hand, a 
common though not exclusive feature of the dienophile is having an electron-
withdrawing group conjugated to the alkene. Good dienophiles are those containing α,β-
unsaturated systems, such as an electron-withdrawing group conjugated to a C=C or 
N=N double bond for instance.113 Particularly, dimethyl acetylenedicarboxylate 
(DMAD) and the analogous diethyl ester are often useful in Diels-Alder reactions. The 
term “diaza” arises for Diels-Alder reactions when N=N double bond is present in the 
dienophile. 
 
Diels-Alder reactions of many substituted ethenes proceed easily and result in relatively 
high yield, by simply mixing the two starting materials, or heating to an appropriate 
temperature in an inert solvent such as benzene or toluene. For instance, 100 % yield can 
be obtained from the reaction shown below (Scheme 1.11.2).114  
CHO
30 °C
CHO
 
Scheme 1.11.2 Diels-Alder reaction between 2,3-dimethyl-1,3-butadiene and 2-propenal.114 
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Moreover, numerous reports have been published regarding the ostensibly similar diaza-
Diels-Alder reactions since the 1920s with the intentions of characterisation, kinetic 
studies and so on.115-135 Baranger, for example, synthesised the pyridazine six-membered 
ring as shown in Scheme 1.11.3.115 
 
Scheme 1.11.3 General diaza-Diels-Alder reaction carried out by Baranger.115 
 
Meanwhile, most of the other groups approached the diaza-Diels-Alder reaction by 
using cyclopentadiene or 1,3-cyclohexadiene resulting in bicyclo compounds.116-
119,122,123,130,132,134,135 Generally, these reactions can be illustrated as in Scheme 1.11.4. 
 
Scheme 1.11.4 Bicyclic compounds from diaza-Diels-Alder reactions. 
 
Interestingly, the Diels-Alder reaction was formerly known as the “diene reaction”. 
When K. Alder discovered a comparable reaction that involves only one alkene, it was 
known as “Alder ene” reaction.113 A simple Alder ene reaction is represented in Scheme 
1.11.5. In brief, ene reaction can be pictured as Diels-Alder reaction in which one of the 
double bonds in the diene has been substituted by a C-H bond. Unlike Diels-Alder 
reaction, ene reaction does not form a new ring; instead the product has only one new C-
C bond and a hydrogen atom is transferred across space.113 Over the years, another few 
terms used by different authors to describe “Alder ene” reaction include “additive 
substitution”, “allylic addition” and “addition-abstraction” reactions. Thus, these terms 
will be used interchangeably throughout the following sections.  
 
Scheme 1.11.5 Mechanism of ene reaction.113 
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1.12  Chemistry of Azodicarboxylates and Cyclohexadienes 
Literature regarding the chemistry of azodicarboxylate and diene can be found as early 
as 1925. In saying that, ethyl azodicarboxylate can react with conjugated dienes through 
additive substitution with carbons bearing allylic hydrogens. In 1935, Pirsch and Jörgl 
illustrated the synthesis of 1,4-endo-azocyclohexane 46 and N,N’-dicarboxyethyl-1,4-
endo-hydrazocyclohexene 47 based on the method formerly developed by Diels for the 
preparation of N,N’-dicarboxyethyl-1,3-endo-hydrazocyclopentene 48.124,132 As 
described by Pirsch and Jörgl, the first step of the synthesis of 46 is supposedly a Diels-
Alder reaction between 1,3-cyclohexadiene and ethyl azodicarboxylate to form N,N’-
dicarboxyethyl-1,4-endo-hydrazocyclohexene 47. However, Surridge and Franzus  
reported in 1962 that 1,3-cyclohexadiene does not react with ethyl azodicarboxylate via 
Diels-Alder route but presumably by addition-abstraction mechanism to form diethyl 
2,5-cyclohexadien-1-yl-bicarbamate 49.127 The evidence shown by the authors was 
convincing, as (a) the adduct isolated contained an N-H bond ruling out compound 47 
(b) the NMR data correlated with 49. The presence of the N-H bond was further 
confirmed by the shift in IR absorption upon substitution of deuterium for hydrogen and 
D2O exchange in the NMR spectrum. This was further substantiated by Gillis and 
Beck.128 It was reported that Diels-Alder 1,4-addition occurred only from the reaction of 
ethyl azodicarboxylate with simple conjugated dienes, whereas with more highly 
substituted conjugated dienes, the addition occurred by a cyclic mechanism, i.e., the ene 
reaction.128 The shift of double bond in this reaction destroys the conjugation present in 
the starting material. The authors also suggested that the difference in the reaction 
outcomes was due to steric factors such that when the 1,4-positions of the diene are 
highly substituted, Diels-Alder addition is prevented. Surridge and Franzus also ruled 
out the fact that 1,3-cyclohexadiene and ethyl azodicarboxylate might react under radical 
conditions to produce 49 but under nonradical conditions to form 47 by using an 
inhibitor in the reactions.127 
 
Interestingly, in the same year, another paper by Cohen and Zand reported the formation 
of 47 and 50 along with some diethyl hydrazodicarboxylate 51 from the reaction of 1,3-
cyclohexadiene and ethyl azodicarboxylate.122 The only difference between the work of 
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Cohen and Franzus in which 49 was formed was merely a change in the experimental 
procedures such that the order of adding the two respective reagents was reversed 
(pointed out by the referee of the paper).122,127 However, from Table 1.13.1, this is not 
strictly correct. Allylic addition was not reported by Pirsch and Jörgl in 1935132, but it 
can be found in many other reports regarding the addition of other olefins to azo 
esters.121,136-139 On the other hand, Surridge and Franzus also pointed out 2,4-
cyclohexadien-1-yl-bicarbamate 50 is formed from the reaction of 1,4-cyclohexadiene 
and ethyl azodicarboxylate.127  
      
  
 
 
Based on Cohen and Zand, the Diels-Alder reaction of 1,3-cyclohexadiene and ethyl 
azodicarboxylate was accompanied by much allylic addition of the diene to the azo 
ester.122 Additionally, in 1963, from the reaction of 1,3-cyclohexadiene and ethyl 
azodicarboxylate, Franzus successfully determined the structure of one of the 
compounds found to be Diels-Alder adduct 47 which was tentatively identified as 52 in 
1962 126,127. Hence, this reaction does indeed give the Diels-Alder adduct (5-15 %), but 
80 % of the addition-abstraction product 49. 
 
In striking contrast with the former discussion, Jenner and Salem in 1990 suggest that 
upon mixing 1,3-cyclohexadiene and ethyl azodicarboxylate at 35 °C in a dilute 
solution, formation of mainly Diels-Alder adduct 47 was observed.130 However, the 
exact concentrations were not reported. Astonishingly, exclusive formation of the 
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cycloadduct was also reported in 1965 by Askani, who uniquely used UV-irradiation.116 
In 2001, a facile and convenient synthesis of 1,2,3,6-tetrahydropyridazines using 
azodicarboxylates under lanthanum triflate catalysis was reported.123 One-to-one ratio of 
ene 49 versus cycloadduct 47 was claimed by the authors. In short, the chemoselectivity 
of the addition of ethyl azodicarboxylate to 1,3-cyclohexadiene is highly dependent on 
the experimental conditions, and the literature gives a confusing array of results. 
 
1.13 Synthetic Conditions 
As there were significant differences in most of the papers reviewed, a table of different 
conditions used by the various research groups for the synthesis of 47 and 49 is 
provided. 
 
Table 1.13.1 Experimental conditions used by different research groups for the synthesis of 47 and 
49. 
Ref 
Diene 
(mol) 
Dienophile
(mol) 
Order of Addition 
Solvent 
(mL) 
Temperature 
(◦C) 
Supposed 
47 or 49 
132 0.45 0.10 
dienophile to solution 
of diene 
petroleum 
ether 
50 
room temp., 
15 hrs or 
heating, 2 hrs 
47 
122 0.7 0.65 
2 portions of diene to 
solution of dienophile 
cyclohexane 
50 
room temp., 
48 hrs 
a mixture 
128 0.125 0.1 
dropwise of dienophile 
to diene 
solvent free room temp. 49 
127 0.0996 0.0299 
dropwise of dienophile 
to reflux diene 
solvent free 80, 20 mins 49 
130 0.00158 0.00158 
dienophile to solution 
of diene 
DCM 
- 
40, 24 hrs 47 
123 0.001 0.001 
diene and dienophile in 
the presence of 
La(OTf)3 catalyst 
solvent free 
room temp., 
30 mins 
a mixture 
1:1 
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116 0.075 0.069 
diene and dienophile 
added into cyclohexane
cyclohexane
500 
UV, 48 hrs 47 
 
In addition, Pirsch and Jörgl stated the boiling point of 47, however, this is different 
from the value reported by Askani.116,132 Also, the former authors pointed out the fact 
that after distillation was carried out, slight decomposition of 47 was observed, but no 
further details were given upon this matter. On the other hand, Zand and Cohen claimed 
that a mixture of 47 and 50 was obtained in 89 % yield and the mixture crystallised on 
standing. Peculiarly, a relatively sharp melting point was reported for the mixture.122 
Also, from the experimental conditions described by Jenner and Salem, there was no 
mention of the volume of solvent used and no percentage yield was reported.130 
 
1.14 Amination 
From Scheme 1.10.1, an amination reaction is also part of the novel approach to the 
target azoporphyrin. In very brief terms, amination can be defined as formation of one or 
more C-N bonds. It is typically a palladium-catalysed reaction known as the Buchwald-
Hartwig coupling reaction where an amine is cross-coupled with an aryl halide. 
However, many different conditions have been described in the literature regarding this 
relatively newly developed area of chemistry. A short overview of amination reactions 
for simple halides and porphyrin systems is provided in the following sections. 
 
1.14.1 Synthetic Considerations 
In recent years, transition-metal catalysed amination reactions have rapidly become a 
valuable synthetic tool for a range of applications. In 1998, there was a review covering 
the development of synthetic methods to form arylamines by palladium-catalysed 
chemistry.140 Synthesis of arylamines can be cumbersome and is often difficult, for 
instance Ullmann substitutions (copper-mediated)141,142 occur at high temperature and 
this can be a problem for thermally unstable substrates. Moreover, it often gives 
products from diarylation and it is typically substrate-specific. Furthermore, a large 
excess of reagent, highly polar solvent and either high reaction temperatures or highly 
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activated aryl halides are often the requirements for direct nucleophilic substitution of 
aryl halides.143 Transition metal-arene complexes have been used to accelerate aryl 
halide substitution reactions, however, the downside of these reactions is that 
stoichiometric amounts of the transition metal complex are needed.144 Hence, palladium-
catalysed coupling chemistry is vital as it provides a new, mild, catalytic method for 
replacement of aryl halogen atoms by amines to form arylamines. 
 
1.14.2 Palladium-catalysed Amination 
Palladium is now perhaps the most important transition metal used for catalysing 
organic transformations. With palladium, substrates that are normally unreactive can be 
activated via the formation of organometallic intermediates. Palladium catalysed C-X 
coupling is essentially nucleophilic substitution, but it works best with aryl and vinyl 
halides which are problematic substrates in normal SN1 and SN2 reactions. 
 
An early example of palladium-catalysed amination was by Kosugi et al. showing the 
reaction of tributyltin amides with aryl bromides catalysed by [PdCl2{P(o-C6H4Me)3}2] 
shown in Scheme 1.14.1.145,146 However, the reaction is limited to dialkylamides and 
electron-neutral aryl halides. It also appeared that aryl bromides were the only aryl 
halides that gave any reaction products. Also, substantial amount of amination product 
was observed only when unhindered dialkyltin amides were used. 
 
Scheme 1.14.1 Amination reaction catalysed by [PdCl2{P(o-C6H4Me)3}2].145,146 
 
Hartwig and co-workers also discovered the reactions involved in amination chemistry 
with tin reagents.147 It was found that [Pd{P(o-C6H4Me)3}2] was the active catalyst, 
which oxidatively added aryl halides to give dimeric aryl halide complexes. These 
complexes reacted directly with tin amides to form arylamines as shown in Scheme 
1.14.2. 
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Scheme 1.14.2 Amination reaction catalysed by [Pd{P(o-C6H4Me)3}2].147 
 
The chemistry was later extended beyond electron-neutral aryl halides with tin amides 
derived in situ.148 When tin amides are derived from secondary amines, the reactions 
generally proceed with higher yield. However, the limitations of the above chemistry 
include the toxicity, thermal instability and air sensitivity of tin amides and it would be 
more convenient if the chemistry could be expanded to aryl chlorides and iodides. More 
importantly, as in any catalysed reactions, the rates and turnover numbers provided by 
the catalysts must be high. 
 
Tin-free amination of aryl halides was discovered concurrently by Buchwald’s and 
Hartwig’s research groups in 1995.149,150 These reactions were conducted with aryl 
halide and amine with either an alkoxide or silylamide base (Scheme 1.14.3). In the 
early stage, the catalysts utilised were [PdCl2{P(o-C6H4Me)3}2] and [Pd{P(o-
C6H4Me)3}2], initially used by Kosugi and Hartwig respectively, or a combination of 
tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3] and P(o-C6H4Me)3.  Toluene was 
the solvent and the reactions were generally carried out between 80 and 100 °C.  
 
Scheme 1.14.3 Buchwald and Hartwig amination reaction.149,150 
 
It was found that primary amines only gave considerable yields with electron-poor aryl 
halides and small amounts of product were obtained from reactions of primary amines 
with electron-neutral aryl halides. Intermolecular amination of aryl iodides can also be 
achieved with complexes other than those containing P(o-C6H4Me)3 ligands and dioxane 
can be used as solvent.151,152 However, poor yields are obtained when primary amines 
are coupled with unhindered aryl iodides. Sadly, even electron-deficient, unhindered aryl 
iodides were poor substrates for primary amines. 
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Examples of intramolecular amination of aryl halides can also be found and this 
generates nitrogen heterocycles as shown in Scheme 1.14.4.150,153 In this case, the 
catalyst shown is a more effective catalyst than the one used by Kosugi et al. It was also 
found by Buchwald and co-workers that K2CO3 was a good base, but the combination of 
NaOtBu and K2CO3 was most effective.153 Triethylamine can be used as base in this 
system and a selection of phosphine ligands and palladium precursors provide good 
yields of cyclised product but none of them were better than [Pd(PPh3)4].153 The best 
base for the cyclisation of acetamides was found to be Cs2CO3 whereas K2CO3 was best 
for benzamides. Similarly, different catalyst systems were found to be optimal for both 
acetamides and benzamides.153 
 
Scheme 1.14.4 Intramolecular amination of aryl halides.150,153 
 
1.14.3 Palladium-catalysed Reaction using Chelating Phosphines 
Palladium complexes with chelating ligands such as 1,1'-bis(diphenylphosphino)ferro-
cene (dppf) have also been shown to provide virtually quantitative yields for amination 
of aryl halides with anilines (Scheme 1.14.5).140 
NaOtBu
NH2
R'
dioxane
65 or 100 °C
X
R
[Pd(dppf)Cl2]
X = Br, I
R' = p-Cl, Ph, H
R = o-, m-, p-OMe, Me, Ph
NH
R
R'
80-94 %
 
Scheme 1.14.5 Amination reaction with chelating ligand, dppf.140 
 
From Scheme 1.14.5, it can be seen that electron-rich, electron-poor, hindered, or 
unhindered aryl bromides or iodides all participated in the amination chemistry. 
Palladium complexes with dppf ligands also gave good yields of mixed alkylarylamines 
with a variety of substrates. In most cases, 5 mol % of the catalyst is needed.  With 
electron-neutral aryl halides and alkyl amines, higher yields were achieved from 
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reactions utilising palladium complexes with 2,2'-bis(diphenylphosphino)-1,1-
binaphthyl (BINAP) ligands. This is true for both racemic and resolved BINAP.140 
  
Chelating phosphines are also important in the amination reactions of nitrogen 
heterocycles, as heteroaromatic halides with basic nitrogen atoms will displace weakly 
binding ligands such as P(o-C6H4Me)3. As a result, weakly binding ligands are 
ineffective for amination with heteroaromatic substrates that could bind to palladium.  
In general, the catalytic cycle of palladium catalysed C-X coupling is shown in 
simplified form for an amine in Figure 1.14.1.23,154  
 
Figure 1.14.1 General catalytic cycle of palladium-catalysed C-X coupling for an amine using an 
alkoxide base.23,154  
 
In addition, the use of tri-tert-butylphosphine and tricyclohexylphosphine as ligand were 
found to be effective by Japanese researchers, Nishiyama and Tanaka respectively.155,156 
Rossen, Pye and co-workers discovered that 4,12-bis(diphenylphosphanyl)[2.2]para-
cyclophane (PHANPHOS) was a better ligand than BINAP for amination of some aryl 
halides.157 Amination of aryl chlorides with nickel complexes was also reported by 
Buchwald’s group.158 His group reported on the use of stoichiometric amount of Cs2CO3 
to give improved functional group compatibility for amination of aryl halides; this is 
particularly important for base-sensitive functional groups.159 Room temperature 
amination of aryl halides with the use of crown ether additives was also reported by the 
same group.160 Nonetheless, there are many combinations of substrates for which 
amination chemistry remain to be developed.  
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1.15 Amination of Porphyrin Systems 
A communication by van Lier et al. regarding synthesis of a variety of new amino- 
substituted zinc porphyrins via palladium-catalysed cross-coupling reactions was 
published in 2001.161 Initial attempts at amination reactions under Buchwald 
conditions160 at room temperature in the presence of 18-crown-6 did not proceed, even 
after an extended period of time. Following this, the authors reported the use of dppf, 
(dppf)PdCl2 as catalyst, NaOtBu as base and 4-6 hours of heating in dry THF under N2 
(Hartwig’s conditions151,162) was successful in achieving the amination reactions for 
some substrates. On the other hand, for some substrates, the reaction was only effective 
upon changing the catalyst and ligand to [Pd2(dba)3] and BINAP respectively, using the 
Buchwald conditions.163 The synthesis of -substituted aminoporphyrins using Hartwig's 
conditions151,162 was also investigated. However, no yields were reported in this paper 
for any of the compounds synthesised.161 
 
In 2003, Zhang and co-workers published on the facile and efficient synthesis of meso-
arylamino- and alkylamino-substituted porphyrins from meso-halogenated porphyrins 
via palladium-catalysed amination.164 The use of commercially available phosphine 
ligand bis(2-diphenylphosphinophenyl) ether (DPEphos) and palladium acetate 
(Pd(OAc)2) was reported to be effective in catalysing the coupling of both 5-bromo-
10,20-diphenylporphyrinatozinc(II) and 5,15-dibromo-10,20-diphenylporphyrinato-
zinc(II) with amines to give the aminated products in excellent yields under mild 
conditions. These conditions were also applied to the analogous free base porphyrins. In 
this study, the catalytic activities of a variety of commercially available phosphine 
ligands in combination with either Pd(OAc)2 or Pd2(dba)3 in the presence of either 
Cs2CO3 or NaOtBu in THF or toluene at various temperature were examined. It was 
found that both chelating ligands and biphenyl-based electron-rich bulky 
monophosphine ligands can catalyse the reactions, however DPEphos showed the 
highest catalytic activity and is available at low cost. No difference in reactivity was 
found between the precatalysts, Pd(OAc)2 and Pd2(dba)3. THF was the better solvent in 
this system as it provided a more homogenous system due to enhanced solubility of 
porphyrins. As for the base, Cs2CO3 was the preferred option as side products were 
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observed in some reactions with the use of strong base NaOtBu. Mild conditions were 
used in these reactions as shown in Scheme 1.15.1, and most of these reactions 
proceeded to completion within 24 hours. 
 
Scheme 1.15.1 Palladium-catalysed amination reactions of meso-monobromo and meso-
dibromoporphyrins.164 
 
In the same year, another paper from the same group was published wherein different 
porphyrin starting materials were chosen to couple with aromatic, aliphatic, primary and 
secondary, electron-rich, -neutral and -poor amines as well as heteroaromatic amines and 
imines.165 In this study, the methodology was extended to multiply-brominated diphenyl 
and tetraphenylporphyrins. It was found that the previously established good ligand, 
DPEphos164 is ineffective for the multiple amination of bromophenylporphyrins 53. 
Eleven different varieties of supporting ligands including chelating diphosphines, 
N-heterocyclic carbene, and biphenyl-based electron-rich bulky monophosphines were 
evaluated. It was found in addition to DPEphos, the Pd complex of ferrocene-based 
diphosphine is also unsuitable for the amination reaction of the brominated 
diphenylporphrins. The best diphosphine ligand was found to be 4,5-bis(diphenyl-
phosphino)-9,9-dimethylxanthene (Xantphos). A series of meso-chiral porphyrins was 
also synthesised by Zhang and co-workers in 2005 from readily available chiral alcohols 
and amides via palladium-mediated C-N and C-O bond formations.166,167 
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A study by Suda and co-workers found that nickel(II) introduced as a central metal ion 
into the substrate porphyrin markedly accelerated the amination reactions of meso-
brominated porphyrins with amines and amides.168 The authors claimed that the method 
developed by Zhang164 was insufficient as it cannot be applied to aliphatic secondary 
amines such as morpholine and piperidine. The optimum conditions developed by the 
group were Pd(OAc)2, rac-BINAP, NaOtBu, 18-crown-6, and THF for the cross-
coupling reaction between meso-brominated Ni(II) porphyrin and n-hexylamine.  
 
Later in 2004, Zhang and co-workers also published on palladium-catalysed amidation 
of 5-bromo-10,20-diphenylporphyrinatozinc(II) and 5,15-dibromo-10,20-diphenyl-
porphyrinatozinc(II) as well as their free base analogues, using a combination of 
palladium precursors Pd(OAc)2 or Pd2(dba)3 and phosphine ligand Xantphos.169 It was 
reported that the methodology developed can be directly applied to free base porphyrins 
without the use of zinc ion or other metal ions as an “inorganic protective group” for the 
central NH units and this avoids extra synthetic steps associated with metallation and 
demetallation. 
 
In 2005, Arnold and co-workers extended the amination chemistry by using protected 
hydrazines as nucleophiles using conditions similar to those described by Suda and co-
workers,168 and discovered unique reactivity due to the presence of the second nitrogen 
atom attached to the amino substituent (Scheme 1.15.2).170 The major product of the 
reaction was found to be a very polar blue green compound 54, whose structure 
resembles the closely related 5,15-dioxoporphyrins (or dioxo-porphodimethenes). 
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Scheme 1.15.2 Synthesis of azocarboxylates and di-iminoporphodimethenes by Arnold and co-
workers using Pd-catalysed reaction.170 
 
Arnold and co-workers have also published on the new palladium-catalysed reactions of 
bromoporphyrins with unsubstituted hydrazine in synthesising nickel(II) complexes of 
primary 5-aminoporphyrin, 5,5’-bis(porphyrinyl) secondary amine, and 5-hydroxy-
porphyrin using the conditions reported by Suda and co-workers.105,168 The bis-
porphyrin reported therein was the first meso-meso-linked diporphyrin with a single 
heteroatom bridge.105  
 
In addition, a palladium-catalysed cross-coupling reaction was also part of the synthetic 
route for the synthesis of azobenzene-confined porphyrins 23 in 2006 (Scheme 1.15.3).89 
 
Scheme 1.15.3 Synthesis of azobenzene-confined porphyrin.89 
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Moreover, palladium-catalysed amination reaction was also part of the synthesis of two 
varieties of covalently NH-linked porphyrin-phthalocyanine dyads, connected either 
through the β-pyrrolic position or the meso-phenyl group of the porphyrin 55, 56.171 
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tBu
tBu
N
N
N
N
Ph
Zn
Ph
Ph
56
 
 
In 2007, another report was published by Zhang and co-workers regarding β-
functionalised porphyrins 57 synthesised with the aid of palladium-catalysed carbon-
heteroatom bond formations. The synthesis was carried out with BINAP and Pd(OAc)2 
or the combination of Xantphos/Pd2(dba)3 depending on the substrates.172 Formation of 
2-arylaminoporphyrins 58 was also achieved by palladium-catalysed amination reaction 
of 2-amino-5,10,15,20-tetraphenylporphyrinatonickel(II) with bromobenzene derivatives 
by Cavaleiro and co-workers, as the starting material for the synthesis of N-
arylquinolino[2,3,4-at]porphyrins.173 
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Interestingly, deviating from the traditional palladium-catalysed amination reactions, a 
report of ligand-free nickel-catalysed C-O, C-N, and C-C cross-coupling reactions using 
bromoporphyrins with oxygen-, nitrogen- and carbon nucleophiles was published by 
Chen and co-workers in 2007.174 A combination of Ni(OAc)2, K2CO3, DMF and 100 °C 
was established to be the most efficient catalyst system among the conditions examined. 
A plausible mechanism for the reaction was speculated by the authors as shown in 
Figure 1.15.1.  
 
Figure 1.15.1 Possible mechanism for the nickel-catalysed C-O, C-N, and C-C cross-coupling of 
meso-bromoporphyrins with various nucleophiles.174 
 
In 2008, another report of facile solvent- and catalyst-free direct amination of meso-
bromoporphyrins was published.175 The reaction mixtures were heated at 50 °C for a 
period of time (depending on the substrates) with excess amine and afforded moderate to 
high yields of aminated products. The authors also mentioned that the presence of nickel 
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salts as catalyst, as stated by the Chinese authors174 is not needed in this direct and facile 
reaction. 
 
Chen and co-workers in 2009 have also published on hypervalent iodine(III)-mediated 
meso-functionalisation of porphyrins. This chemistry was done with PhI(OAc)2-
NaAuCl4 on 5,10,15-triphenylporphyrinatozinc(II) as well as 5,15-dibromo-10,20-
diphenylporphyrinatozinc(II) complexes.176 The reactions can be carried out in DCM at 
room temperature. Dried solvent and nitrogen protection are reported to be unnecessary. 
However, no reaction occurred when free base porphyrins were utilised as the starting 
materials.  
 
In 2011, Ruppert and co-workers reported on the synthesis and electrochemistry of 
diporphyrinylamines 35, 59-60 using Buchwald-Hartwig aromatic amination 
conditions.177 One of the three possible diporphyrinylamines, 35 was previously reported 
by Arnold and co-workers.105  
 
 
The synthesis of compound 35 was improved by the group by using meso-iodoporphyrin 
instead of the corresponding bromo derivative in the Buchwald amination reaction and 
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dioxane as solvent, tBuOK as base in the presence of a BINAP/Pd ratio of 1:1 instead of 
2.8:1. These changes improved the yield and shorten the reaction course.105,177 
 
Despite the amination reaction of porphyrins being well documented, synthesis and 
coupling of exotic amine with porphyrins are yet to be explored and discussed in the 
following chapters with the main intention to discover alternative route to prepare larger 
arrays of azoporphyrins that have two vacant meso-positions. 
 
1.16 Project Goal 
In a nutshell, with the aim of exploring the aforementioned proposed synthetic strategy 
to make azoporphyrins, this project will be kicked start with the preparation of different 
carbamates followed by the synthesis of their analogous hydrazines. Upon the formation 
of the desired hydrazine, the focus of this project will be turned into the making of 
suitable porphyrin starting material and the anticipated amination reaction will be carried 
out. Once the aminated porphyrin is formed, retro-diaza-Diels-Alder reaction will be 
investigated to get to the target compound. 
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2 The Synthesis and Characterisation of Target Carbamates and 
Their Derived Hydrazines 
 
2.1 Introduction 
This Chapter describes the synthesis and characterisation of the target carbamates and 
their derived hydrazines, along with the hurdles experienced in understanding the 
confusing array of results found in the literature. There will be different sections in this 
Chapter discussing the different carbamates and hydrazines synthesised throughout this 
project and the rationale behind their syntheses. It also describes the isolation of an 
unexpected product from the hydrolysis/decarboxylation reaction of one of the 
carbamates synthesised. 
 
2.2 Synthesis of 2,3-Dicarb-t-butoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (61) 
 
 
From Scheme 1.10.1, the proposed dienophile was di-tert-butyl azodicarboxylate, as the 
analogous diethyl azodicarboxylate (DEAD) was thought to be shock-sensitive and 
thermally unstable such that it is dangerous and extremely explosive upon heating under 
confinement.178,179 Even so, it is still a very important reagent used in many significant 
chemical transformations, for example the famous Mitsunobu reaction.180 Despite its 
safety issue, Baranger managed to employ about 20 g of DEAD in one of his diaza-
Diels-Alder reactions back in 1957.115 It was reported that di-tert-butyl azodicarboxylate 
is more thermally stable than DEAD.179 Due to safety concerns, the t-butyl analogue of 
the dienophile was chosen. 
 
As in Section 1.11-1.13, precedents of different Diels-Alder reactions can be found in 
the literature and particularly for the relevant diaza-Diels-Alder reactions, puzzling 
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claims were made by different authors such that no unanimous conclusion was made for 
the outcome of the reactions. On the other hand, from the diaza-Diels-Alder reactions 
carried out by Baranger (Scheme 1.11.3),115 and our unpublished work (Scheme 2.2.1)181 
on 2,3-dimethyl-1,3-butadiene with two different dienophiles, these were found to be 
simple, facile one-pot reactions which required no work-up. In other words, the reactions 
can be done by simply adding the diene to dienophile at room temperature and stirring 
for a period of time depending on the precursors. 
 
Scheme 2.2.1 Unpublished work from our laboratory on the diaza-Diels-Alder reaction of 2,3-
dimethyl-1,3-butadiene with two different dienophiles.181 
 
From the literature review, there is no conclusion that can be made based on the claims 
by different research groups as to which of the conditions reported were useful for our 
purpose. Hence, translating the protocol developed from the above reactions (Scheme 
2.2.1) to the new system where 2,3-dimethyl-1,3-butadiene was changed to 1,3-
cyclohexadiene (Scheme 2.2.2), a milky white solid with complex 1H NMR spectrum 
that had the right number of hydrogens, was obtained in almost quantitative yield (Table 
2.2.1, Entry 1). For example, the region with the presence of highly intricate multiplets 
for the methylene hydrogens is shown in Figure 2.2.1. Not only that, from mass 
spectrum, it has the correct mass-to-charge ratio. It was then thought that another simple 
and facile diaza-Diels-Alder reaction had been found. However, it was later found that 
this compound has a strong NH stretching signal in the IR spectrum and thus it cannot 
be the target carbamate 61. Not surprisingly, the compound synthesised actually resulted 
from an Alder ene reaction rather than the desired diaza-Diels-Alder reaction. This ene 
adduct 62 has the same molecular weight as 61 as they are structural isomers. It was 
concluded that simply stirring the two starting materials at room temperature was 
insufficient for this particular diaza-Diels-Alder reaction to take place.                                                      
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Figure 2.2.1 Highly complicated multiplets observed for ene adduct 62. 
 
Referring back to the literature, there was one report where the authors claimed that 
upon mixing 1,3-cyclohexadiene and ethyl azodicarboxylate at 35 °C in a dilute 
solution, formation of solely diaza-Diels-Alder adduct 47 was observed.130 Sadly, when 
the reported procedures were repeated (Table 2.2.1, Entry 2) with the t-butyl analogue of 
the dienophile, mainly the ene adduct 62 was obtained and obviously this observation 
was completely different to what Jenner and Salem reported.130 From both of the 
reactions carried out so far, it seemed that reacting the starting materials thermally was 
inadequate in producing the targeted carbamate 61. This hypothesis was supported by 
Askani where he carried out the reaction under nitrogen with the presence of mercury 
lamp equipped with water cooling system and more importantly obtained the diaza-
Diels-Alder product 47 in 87 % yield; there was no mention of 49 as side product.116 
 
To pursue this further, Askani’s photochemical procedures were modified and repeated 
(Figure 2.5.2). It was surprising to find that the course of the reaction had changed 
moderately and 45:55 ratio of the two products (61:62) was obtained (Table 2.2.1, Entry 
3). However, only 48 % of the starting material (di-tert-butyl azodicarboxylate) was 
consumed after 2 days.  
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Scheme 2.2.2 Diaza-Diels-Alder reaction between 1,3-cyclohexadiene and di-tert-butyl 
azodicarboxylate. 
 
While trying to optimise this reaction, it was also found that Franzus reported the 
synthesis of the diaza-Diels-Alder carbamates in 53 % yield with both the bridgehead 
protons replaced by deuterium, using deuterated methanol as solvent (Scheme 2.2.3).126 
This method was then repeated with methanol, as the outcome should be the same as 
with deuterated methanol. However, as it can be seen from Table 2.2.1, Entry 4, again, 
only a very small proportion of the target carbamate 61 was obtained. With 
perseverance, another reaction was attempted with the use of gadolinium 
trifluoromethanesulfonate (Gd(OTf)3) as catalyst and acetone as solvent. This reaction 
was thought to be promising as Curini and co-workers reported the facile and convenient 
synthesis of the diaza-Diels-Alder adduct 47 from ethyl analogue of the dienophile under 
lanthanum triflate catalysis to give 1:1 ratio of the two expected products (47:49).123 
Gd(OTf)3 was chosen as the catalyst as it was the only available lanthanide triflate 
available in our laboratory. Again, the mixture isolated was mostly the product 62 that 
resulted from Alder ene reaction. 
 
Scheme 2.2.3 Synthesis of Alder ene and diaza-Diels-Alder carbamates by Franzus using deuterated 
methanol as solvent.126 
 
Returning to the photochemical diaza-Diels-Alder reaction, another reaction was 
attempted with longer period of irradiation hoping that the conversion of the starting 
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material would be higher and larger quantity of the product of interest 61 could be 
isolated, to allow the continuation of this project. Hence, instead of 48 hours of UV 
irradiation, the reaction was left under photochemical conditions for 5 days. 
Unfortunately, the outcome of the reaction was disappointing as mainly the undesired 
side product 62 was isolated from the particular reaction and only 38 % of the starting 
material was consumed. Therefore, from the two photochemical reactions carried out, it 
is known that longer irradiation time did not allow higher conversion of starting 
material. So far, it was noted that a useful proportion of the target carbamate 61 was 
only obtained when the reaction was carried out photochemically for 48 hours. The 
concentrations of the reaction mixture used in the first two photochemical reactions were 
the same as those of Askani’s. It was decided to lower the concentrations in the reaction 
mixture, as internal filtering of the incoming irradiation by a more concentrated solution 
might diminish the effectiveness of the light. By following the reaction progress by 
TLC, it was found that after 1 day, mainly the target carbamate 61 was obtained. 
Although the conversion of starting material was not greatly improved (compared to the 
previous two photochemical reactions), larger amount of target compound 61 was 
obtained when only half the amounts of starting materials were used. 
 
The target carbamate 61 was previously synthesised, but no experimental details and 
spectroscopic data were available in literature.182 Hence, this compound and the product 
62 resulting from Alder ene reaction were fully characterised (See Section 4.1.1 and 
4.1.3).  
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Table 2.2.1 Different experiments carried out to find the optimum conditions for the synthesis of 
2,3-dicarb-t-butoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (61). 
 
 
2.3 Crystal Structures Obtained for t-butyl Series 
During this part of the project, crystal structures were obtained for the dienophile di-tert-
butyl azodicarboxylate (DTBAD), the diaza-Diels-Alder carbamate 61 and the ene 
adduct 62.  
 
                                                 
i The ratios reported herein and in Table 2.5.1 and Table 2.11.1 are based on the integrations of NMR 
spectra of the crude products. 
 
Diene 
(mol)  
Dienophile 
(mol)  
Order of Addition 
Solvent 
(mL) 
Temperature 
(◦C) 
Ratioi
61:62 
1 0.017 0.009 
dropwise diene to 
solution of dienophile 
toluene 
8 
room temp. 
30 mins 
0:100 
2 0.002 0.002 
portions of dienophile 
to solution of diene 
DCM 
10 
40 
2 hrs 
4:96 
3 0.008 0.007 
diene to solution of 
dienophile 
cyclohexane 
50 
UV 
2 days 
45:55 
4 0.005 0.002 
diene to dienophile 
followed by solvent 
methanol 
2 
62 
3 hrs 
7:93 
5 0.006 0.006 
diene to solution of 
dienophile with 
Gd(OTf)3 catalyst 
acetone 
5 
room temp. 
7 days 
4:96 
6 0.008 0.007 
diene to solution of 
dienophile 
cyclohexane 
50 
UV 
5 days 
13:87 
7 0.004 0.003 
diene to solution of 
dienophile 
cyclohexane 
50 
UV 
1 day 
94:6 
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2.3.1 Crystal Structure of 2,3-Dicarb-t-butoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene 
(61) 
 
Figure 2.3.1 Crystal structure of 2,3-dicarb-t-butoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (61). 
 
The structure is best described by the Pbcn space group. From Figure 2.3.1, it is 
noticeable that the compound possesses a pseudo C2 axis and the two carbamate groups 
are in an anti arrangement about the N-N bond. However, disorder can be seen in the 
crystal structure as both the C-C bonds (between C1 and C2) are 1.453 Å and this 
number is the average of a C-C and a C=C bond. Nevertheless, the presence of alkene 
functional group was confirmed by the 1H and 13C NMR chemical shifts. 
  
2.3.2 Crystal Structure of Di-tert-butyl 1-(2,4-cyclohexadien-1-yl)hydrazine-1,2-
dicarboxylate (62) 
 
Figure 2.3.2 Crystal structure of di-tert-butyl 1-(2,4-cyclohexadien-1-yl)hydrazine-1,2-dicarboxylate 
(62). 
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P21/n is the space group for the above structure. Unfortunately, each molecule found 
was rotationally disordered. Only one orientation was able to be modelled and is shown 
in Figure 2.3.2. No further investigation was done with this compound as synthesis and 
characterisation of the Diels-Alder adduct 61 was the central interest of this project at 
that stage.  
 
2.3.3 Crystal Structure of Di-tert-butyl azodicarboxylate (DTBAD) 
 
  
  
Figure 2.3.3 Crystal structure of di-tert-butyl azodicarboxylate showing the inversion center (top) 
and different perspectives of the structure showing the O=C-N=N torsion angle (bottom left and 
right). 
 
Crystals of DTBAD suitable for X-ray structure determination were obtained by 
evaporation of chromatographic solvents (EtOAc: hexane; 1:3) upon isolation by 
column chromatography. This is the first X-ray structure of an azodicarboxylate, as most 
known derivatives are liquids. The space group found for this structure is P21/c. The 
molecule has crystallographic inversion symmetry with the inversion center on the N=N 
bridge (coded N1-N1 on Figure 2.3.3, top). Virtually orthogonal conformation (O=C-
N=N torsion angle of 84.03 °) is seen in the structures (Figure 2.3.3, bottom left and 
right) of this apparently conjugated system and from the DFT (Density Functional 
Theory) and TD-DFT (Time-dependent Density Functional Theory) calculations 
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[B3LYP 6-31G(d)], this conformation is indeed the global energy minimum. It is 
expected that a conjugated system such as this would have the carbonyl (C=O) and azo 
(N=N) functional groups in one plane, however, it is not the case for this dienophile. In 
other words, the typical carbon-based dienophile conjugation might be limited and this 
might explain the low reactivity of this dienophile as described in Sections 2.2 and 2.12. 
On the other hand, as the X-ray structure of the analogous ethyl dienophile, DEAD 
(liquid) cannot be obtained, no comparison can be made. 
 
2.4 Synthesis of 2,3-Diazabicyclo[2.2.2]-oct-5-ene (63) with Acid 
With the target carbamate 61 obtained, the next step of the synthesis was to 
hydrolyse/decarboxylate to get to the desired hydrazine 63. Again, there was only one 
report referring to this reaction in the literature, and the experimental conditions were 
not described.182 The standard reagent for removing a Boc group is trifluoroacetic acid 
(TFA), hence several reactions outlined in Table 2.4.1 were attempted to obtain the 
hydrazine 63. 
 
 
Table 2.4.1 Different experiments carried out to find the optimum conditions for the synthesis of 
2,3-diazabicyclo[2.2.2]-oct-5-ene (63). 
 
Starting Material (mol) Reagent  Solvent (mL) Temperature (°C) 
1 0.0004 0.01 TFA CHCl3 4 room temp., 3 hrs 
2 0.0003 0.07 TFA - - room temp., 24 hrs 
3 0.0002 0.02 TFA - - room temp., 1 hr 
4 0.0002 0.007 TFA - - room temp., 24 hrs 
5 0.0002 0.009 H3PO4 DCM 0.5 room temp., 24 hrs 
6 0.0002 0.01 TFA DCM 4 room temp., 4 hrs 
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Due to the lack of experience in interpreting complex NMR data at the beginning of this 
project, it was concluded that all the hydrolysis reactions carried out were insufficient in 
removing the Boc group, but it was only later we realised that for the first hydrolysis 
reaction, it actually gave the protonated hydrazine 64. The protonated structure 
explained the insolubility of this product in CDCl3. Deuterated acetone was used to 
obtain its NMR data (Figure 2.4.1). Also, from the unsymmetrical nature of 64, it 
clarifies why the alkene and bridgehead hydrogens are split so widely. This is clearly 
exemplified by the two bridgehead protons which appear nearly 1.4 ppm apart. In the 
upfield region, the bridge CH2 signals were also split into four sets of multiplets where 
each of them integrated for one proton. 
 
 
Figure 2.4.1 1H NMR spectrum for protonated hydrazine 64 in deuterated acetone. 
 
Interestingly it was also found that, when the reactions were done with large excess of 
TFA or H3PO4 for either short or long periods (Table 2.4.1, Entry 2, 3, 5), the NMR 
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spectra of the crude products had no signals in the expected region. In other words, it 
was mainly hydrocarbon impurity. The use of H2O and NaOH or NaHCO3 to 
deprotonate 64 in Entry 2, 3 and 5 of Table 2.4.1 seemed to be the reason for the 
disappearance of expected 1H NMR signals (Figure 2.4.1). 
 
It is also worth pointing out that when Entries 1 and 4 of Table 2.4.1 were compared, the 
outcome of the experiments was the same even though Entry 4 had longer reaction time, 
but when part of the crude product from Entry 4 was washed with excess NaOH to 
deprotonate the hydrazine, the compound seemed to be degraded. Hence, another 
experiment was carried out and the exact amount of NaOH needed to deprotonate the 
hydrazine was used in the work up. This time, a completely different NMR spectrum 
was obtained. Due to the presence of some unexpected peaks in the NMR spectrum of 
the crude product, it was decided to sublime the sample based on Askani’s procedure.116 
Unfortunately, no signal was observed when 1H NMR was run post-sublimation. It was 
found later that the fresh sample obtained before sublimation was actually the target 
hydrazine 63, but heavily contaminated with 1,3-cyclohexadiene. This indicated that the 
hydrazine 63 decomposed during the sublimation process. More explanation can be 
found in Section 2.8 regarding the stability of this hydrazine. 
 
While trying to find the optimum condition for the acidic hydrolysis of 2,3-dicarb-t-
butoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene 61, it was noted that the experimental 
conditions for the hydrolysis/decarboxylation reaction depend on the precursor. Thus, 
basic saponification can be carried out with the ethyl analogue of the carbamate (Scheme 
2.4.1). It was then decided to synthesise the ethyl analogue of the carbamate 47 using 
DEAD. The synthesis of 47 will be discussed in the following section. 
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Scheme 2.4.1 Experimental conditions needed for the hydrolysis/decarboxylation reactions of two 
different carbamates. 
 
2.5 Synthesis of 2,3-Dicarbethoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (47) 
Due to the results described in Section 2.2 for the t-butyl carbamate conflicting with the 
literature, it was decided that a photochemical reaction was needed for the synthesis of 
the diaza-Diels-Alder carbamate 47 (Scheme 2.5.1). When DEAD was used as the 
dienophile under photochemical conditions, the conversion of starting material was 
significantly higher than for the t-butyl analogue, such that only negligible amounts of 
DEAD was recovered after the reaction was carried out.  
 
Scheme 2.5.1 Diaza-Diels-Alder reaction between 1,3-cyclohexadiene and DEAD. 
 
Also, to test whether the reaction was actually triggered by UV or visible light, another 
reaction was attempted under sunlight (Figure 2.5.1) using a Pyrex round-bottom flask. 
It can be seen from Table 2.5.1, Entry 2 that the reaction took significantly longer time 
and more of the side product 49 was obtained, with 4 % of starting material recovered. 
Therefore, it is assumed that UV-filtered sunlight is capable of inducing the reaction but 
at a slower rate than UV irradiation. This observation suggests that perhaps the two 
dienophiles (ethyl and t-butyl analogues) that closely resemble each other are chemically 
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different. Hence, it was thought that DEAD might be able to react thermally with 1,3-
cyclohexadiene to form the target carbamate 47 in quantitative yield as suggest by 
Jenner and Salem.130 This was found not to be the case with di-tert-butyl 
azodicarboxylate. Unfortunately, when this particular procedure by Jenner and Salem 
was repeated with DEAD, mainly the side product 49 was obtained (Table 2.5.1, Entry 
3) and the conversion of starting material was depressingly low. 
 
Figure 2.5.1 Reaction between 1,3-cyclohexadiene and DEAD under sunlight. 
 
Table 2.5.1 Different experiments carried out to find the optimum conditions for the synthesis of 
2,3-dicarbethoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (47). 
 
As mentioned in Section 2.2, when the photochemical reaction with the t-butyl version 
of the dienophile was carried out for 5 days, mostly ene adduct 62 was isolated with no 
improvement in the conversion of starting material. Thus, this suggests that perhaps the 
diaza-Diels-Alder adduct 61 is labile and tends to be converted to the ene adduct 62 
 
Diene 
(mol) 
Dienophile 
(mol) 
Order of Addition Solvent (mL) Conditions 
Ratio 
47:49 
1 0.004 0.0037 
diene to solution of 
dienophile 
cyclohexane 
50 
UV 
3 days 
78:22 
2 0.008 0.0074 
diene to solution of 
dienophile 
cyclohexane 
100 
Sunlight 
2 weeks 
69:31 
3130 0.002 0.002 
dienophile to solution of 
diene 
DCM 
22 
40 °C 
24 hrs 
15:85 
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under prolonged photochemical irradiation. This hypothesis was then tested with the 
ethyl analogue of the carbamate in which pure 47 was irradiated with UV source for 3 
days to determine any decomposition or conversion of 47 to the corresponding ene 
adduct 49. It was found that upon 3 days of UV irradiation, the presence of 49 was not 
detected at all. Hence, the aforementioned hypothesis was rejected for the carbamate of 
the ethyl analogue. This however, cannot be correlated to the reaction of t-butyl 
analogue as from all the diaza-Diels-Alder reactions carried out so far, it can be 
concluded that the two dienophiles are somewhat chemically different although they are 
structurally similar. No further investigation was done with the t-butyl analogue as the 
need to continue the project was a priority. 
 
 
 
Figure 2.5.2 High pressure HBO 200W mercury arc lamp used for the photochemical synthesis of 61 
and 47 (top left). Attempts were also made using different reactors delivering 254 nm radiation (top 
right, bottom left and right).  
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2.6 Synthesis of 2,3-Diazabicyclo[2.2.2]-oct-5-ene (63) with Base 
 
Scheme 2.6.1 Experimental conditions used by Askani to synthesise the target bicyclic hydrazine 
63.116 
 
As in Scheme 2.6.1, Askani reported the synthesis of the target hydrazine 63 from the 
ethyl analogue of carbamate with base saponification. Hence, his method was repeated 
and for the first basic hydrolysis/decarboxylation reaction carried out, a yellow oil with 
extremely complex 1H NMR spectrum (Figure 2.6.1) was obtained in 55 % yieldii. From 
the 1H NMR spectrum, it is clear that the structure of this compound only partially 
corresponded to that of target hydrazine 63 based on its lack of symmetry, and it did not 
give the expected peak in the mass spectrum. In the IR spectrum, no sign of N-H 
stretching was visible. 
 
Figure 2.6.1 1H NMR spectrum of the unknown compound isolated from basic 
hydrolysis/decarboxylation of 47. 
                                                 
ii The percentage yields reported herein and in the following sections were calculated based on the 
molecular mass of the expected hydrazine 63. 
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Nonetheless, when the reaction was carried out on a larger scale so that further 
characterisation could be done, the percentage yield was found to be less than 10 %. It 
was thought that this particular compound could be soluble in the aqueous layer and this 
was found to be the case, as when the 1H NMR sample was taken from the aqueous 
layer, the same compound was detected. Sheridan and co-workers suggest that 
isopropanol was found to be a better solvent for the saponification of the corresponding 
bicyclo[2.2.1] analogue of the carbamate and a bis-salt 65 was obtained (Scheme 
2.6.2).134 Based on the 1H NMR spectrum (Figure 2.6.1), the unknown cannot be the 
analogue of the bis-salt 65 as its solubility in CDCl3 would be low. 
KOH/iPrOH
55 °C, N2
N
N O
O
O
O
N
N O
O
O-
-O2 hrs
65
K+
K+
 
Scheme 2.6.2 Basic hydrolysis of 2,3-diazabicyclo[2.2.1]hept-5-ene reported by Sheridan and co-
workers.134 
 
To tackle the solubility problem, water was omitted from the work-up and acetone was 
used to wash the solid precipitates from the reaction in order to get rid of the excess 
base. However, the percentage yield was still low. While trying to solve the solubility 
problem, the normal work-up was modified and it was adapted from Corey and Mock’s 
procedures for the hydrolysis of the analogous anthracene carbamate to get to its 
corresponding hydrazine 66.183 The 1H NMR spectrum of the organic layer obtained 
from this work-up looks different to that in Figure 2.6.1 and it gives the right signal in 
the mass spectrum. However, as it was such a small-scale reaction, and the NMR 
spectrum was contaminated with significant amount of hydrocarbons, no further 
purification was carried out. Another experiment was attempted where the work-up was 
merely filtration of solid precipitates (presumably K2CO3) and evaporation of EtOH. 
However, the mass recovered was expected to be higher due to the presence of large 
amounts of excess base. The product isolated was the same as represented by Figure 
2.6.1. To make sure that the solid precipitates removed by filtration did not contain any 
compounds of interest, the 1H NMR spectrum of this material was recorded, however 
there were no proton signals, thus it is likely to be K2CO3. 
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Table 2.6.1 Different work-up conditions used to optimise the synthesis of the unknown. 
 
As explained above, the presence of NH was not observed in the 1H NMR spectrum, so 
different deuterated solvents were then used to check whether any shifts of the signals 
could be monitored, which might help in finding the NH. No differences amongst them 
were detected except that, in some solvents, the splitting of the bridgehead protons was 
more pronounced than in others. For instance, in deuterated benzene, the two bridgehead 
protons are widely separated and for one of them, a very complex coupling pattern can 
be seen. This is clearly shown in Figure 2.6.2. The region where the four bridge CH2 
 
Work-up % Yield Remarks 
1-4 
Filtration of solid precipitate, evaporation of 
EtOH and washing of crude product with 
H2O (extracted with ether 4-6 ൈ 25-30 mL).
4-55 
Aqueous layer contained the 
same compound as in Figure 
2.6.1. 
5 
EtOH was evaporated and the crude product 
was washed with acetone, and combined 
acetone layers (5 ൈ 10 mL) were 
evaporated. 
36 
36 % included some salt/base. 
Solubility problem still present.
6 
EtOH was evaporated, H2O was added, 
followed by HCl, filtration of insoluble 
impurities, filtrate basified and extracted 
with ether. 
5 
1H NMR (insoluble impurities) 
showed only hydrocarbon 
signals; (organic) looked 
different; (aqueous) 
unrecognisable signals. 
7 
Filtration of solid precipitate, evaporation of 
EtOH. 
106 
excess 
base  
Solid precipitate must be 
K2CO3 (no 1H NMR signal) or 
any salts that did not dissolve in 
CDCl3. 
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signals appear is also expanded in Figure 2.6.3. The multiplicities of these signals are 
very similar in all solvents, although their chemical shifts do vary. 
 
Figure 2.6.2 Expansion of the region where alkene and bridgehead protons appear in different 
deuterated solvents. 
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Figure 2.6.3 Expansion of the region where bridge protons appear in different deuterated solvents. 
 
The very complex 1H NMR spectrum was obtained repeatedly from all the 
hydrolysis/decarboxylation reactions carried out so far, so it was thought that perhaps 
the target hydrazine 63 is unsymmetrical due to the two NHs being capable of sitting in 
endo or exo positions, such as structure 67 shown in Scheme 2.6.3. This could be 
unusual as simple amines usually invert rapidly at nitrogen. However, if the compound 
is protonated at both sites 68, it has to be symmetrical and the NMR spectrum should be 
simpler. Therefore, a sample of the unsymmetrical compound was dissolved in 
deuterated acetone and excess 90 % fluoroboric acid (HBF4) in H2O was added. Water 
suppression 1H NMR experiment was carried out to remove the huge water signal. 
Surprisingly, even after one week, no difference was noticed in the spectrum at all 
(Figure 2.6.4). 
 
Scheme 2.6.3 Protonation of unsymmetrical hydrazine 67. 
                    
73 | P a g e  
 
 
 
Figure 2.6.4 Addition of 90 % HBF4 in H2O to protonate 67, observed with the aid of water 
suppression 1H NMR experiment.  
  
It was then decided that a high frequency NMR spectrometer might be useful in 
interpreting the complex yet beautiful 1H NMR spectrum of the unknown. Therefore a 
900 MHz 1H NMR spectrum was obtained and again, no difference was detected and the 
complexity still existed. The expansions for the regions of interest are shown in Figure 
2.6.5. Low temperature 1H NMR was also carried out with this compound and even 
when the temperature was as low as -50 °C, no change was detected at all. 
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Figure 2.6.5 Expansion of the 900 MHz 1H NMR spectrum obtained for the unknown compound. 
 
Looking at the mass spectra obtained from all the reactions leading to this compound, 
there were always signals present at 125 and 147 m/z. The difference between these two 
signals indicated that one of them was protonated while the other was sodiated. After 
consideration, it was found that the formula of the compound had to be C6H8N2O. 
Hence, three plausible structures for the formula are 69, 70 and 71. 
                                                         
 
However, based on the unsymmetrical nature of the compound, it cannot be 69 as it is a 
symmetrical compound. With 70, it is a novel compound and no reference can be found 
in the literature. A similarity search for 70 led to the N-oxide 71. Numerous publications 
can be found for this particular compound and it was surprising to know that for most 
cases, 71 was obtained from oxidative hydrolysis of a parent molecule.184-188 For 
instance, Snyder and co-workers isolated 71 in 57 % yield from the diaza-Diels-Alder 
adduct 72 of N-methyl-1,2,4-triazolinedione and 1,3-cyclohexadiene (Scheme 2.6.4).185  
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Scheme 2.6.4 Isolation of N-oxide by Snyder and co-workers using oxidative hydrolysis.185 
 
In addition, azoxyalkanes (N-oxides) are found to be remarkably more stable than their 
deoxy relatives, for example the azoalkene 73.185 In stark contrast to the N-oxide, 73 
generated at -78 °C decomposes to 1,3-cyclohexadiene rapidly upon formation.189 It can 
be described as an “unobserved intermediate”. On the other hand, 71 resists thermal 
change below 175 °C.185 In other words, the rate of the extremely facile retro-Diels-
Alder reaction for N2 extrusion is at least 106 times faster than that for N2O expulsion.   
 
 
Snyder and co-workers speculated that the N-oxide 71 obtained from the oxidative 
hydrolysis of 72 occurs via hydrazo and azo intermediates. However, the authors also 
pointed out that based on the experimental conditions used to generate 71, one would 
think that if the intermediate were the azoalkene 73, it is unlikely to survive the 
temperature even in the presence of a large excess of oxidant. 
 
In another publication, Snyder and co-workers also reported the hydrolysis of the 
reduced analogue 74 where multiple oxidation steps are required to deliver the 
corresponding N-oxide, 75 (Scheme 2.6.5).184  
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Scheme 2.6.5 In situ hydrolysis and multiple oxidation steps to obtain N-oxide 75 by Snyder and co-
workers.184 
 
2.7 Synthesis of 2,3-Diazabicyclo[2.2.2]-octadiene N-oxide (71) 
With the NMR data available in literature from a low frequency spectrometer and the 
literature review regarding how the aforementioned N-oxide was synthesised, it was 
concluded that the mystery compound was 2,3-diazabicyclo[2.2.2]-octadiene N-oxide 
71. It is found that this compound is stable indefinitely at ambient temperature and this 
corresponds to what Snyder discovered.185,190  
 
N-oxide 71 is presumably formed by oxidation of the corresponding hydrazine resulting 
from exposure to air. This is supported by a number of reports where the authors showed 
that bicyclic hydrazines are oxidized readily to azoalkenes by a variety of reagents 
including H2O2 and air.119,189,191-196 Unfortunately, this information was not reported in 
the literature for the synthesis of our target carbamates 61 and 47. Saturated bicyclic 
hydrazines have also been recognised to be a class of oxidatively-labile 
compounds.191,192 More importantly, storage and simple structural characterisation of the 
hydrazine is frequently prevented by its facile oxidation.191 It is also mentioned in the 
literature that unless oxygen is rigorously excluded from the work up of hydrazines 76, 
small amounts of azo compound 77 will arise (Scheme 2.7.1).193 In addition, Johnson 
and co-workers reported that with exposure of hydrazine 78 to air or mercuric oxide, 
immediate oxidation resulted with the accompanying formation of nitrogen and 1,4-
cyclohexadiene.194 
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Scheme 2.7.1 One example in the literature with air as oxidant to furnish azoalkane 77.193 
 
 
 
2.7.1 Characterisation of 2,3-Diazabicyclo[2.2.2]-octadiene N-oxide (71) 
The IR spectrum of 71 was recorded, and a strong band was observed at 1496 cm-1 for 
the NO stretching. It corresponded relatively closely to the calculated value from 
MOLVIB197 at 1505 cm-1, and the literature value185,188 at 1485 cm-1. Snyder and co-
workers reported another peak at 1230 cm-1 that also corresponded to NO 
stretching.185,188 This seems anomalous and not found in our recorded spectrum. The 
reduced analogue 75 with n = 1 was also found in literature and only one band at 1500 
cm-1 was reported.198 
 
Snyder et al. pointed out that the two bridgehead protons of N-oxide 71 are not only 
coincident but also shifted about 0.5 ppm upfield relative to the bridgehead protons of its 
azo precursor 73.184 However, this is completely different to our finding where it is 
clearly demonstrated in Figure 2.6.1, Figure 2.6.2, Figure 2.6.4 and Figure 2.6.5 that the 
two bridgehead protons are non-equivalent. Given the asymmetry and the different 
electronegativities of the two nitrogens in the NNO functionality, chemical equivalence 
of the bridgehead hydrogens is not expected.199 It is suspected that the different 
observation was simply due to the low frequency 60 MHz NMR spectrometer used. 
Snyder and co-workers reported that the resolution was not improved at 100 MHz.187 It 
was later that Snyder and co-workers again mentioned that with higher resolution 
decoupling experiments, small but discernable chemical shift differences were revealed 
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and high-resolution measurements would be reported.188 However, this was not found in 
the later literature. Greene and Hecht on the other hand made a strong case for the 
asymmetric, static azo N-oxide moiety where they pointed out that the same chemical 
shift of the two bridgehead protons was due to accidental isochronicity.198 It is 
interesting also that 70, which was initially proposed to be the mystery compound, was 
ruled out by the authors based on the reaction with lithium aluminium hydride, as a 
mixture of azoalkane and the corresponding hydrazo compound was obtained. 
Moreover, only tiny changes over the solvent series CCl4, CD3COCD3, D2O and 
CF3COOH, or over the temperature range of -40 °C to 70 °C in CDCl3 were found for 
75 where n = 1.198  
 
Additional confirmation concerning the asymmetric nature of 71 and its related bicyclic 
derivatives was obtained by Snyder and co-workers, where they recorded the NMR 
spectra of a series of compounds in the presence of increasing quantities of 
tris(pivaloylate)europium. The bridgehead protons are diamagnetically shielded and split 
into two peaks each integrating for a single proton.184 Similar experiments were carried 
out in the present work, but a chiral shift reagent,200 europium tris[3-(trifluoro-
methylhydroxymethylene)-(+)-camphorate] 79 was utilised. Shift reagents are usually 
rare earth metal complexes and they are mild Lewis acids which attach themselves to 
basic sites.201 Due to their paramagnetic properties and the ability to change substantially 
the magnetic field in their immediate environment, a shift of the signals due to the 
protons near the basic site in the molecule results. When a chiral molecule that has a 
basic site is combined with a shift reagent that is fully resolved and enantiomerically 
pure, the two enantiomers can have different binding constants and can adopt different 
conformations on binding, with the result that their signals are shifted to different 
extents. Also, if the signals are separate from each other adequately, they can be 
integrated and thus the proportions of the two enantiomers can be measured.201  
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From Figure 2.7.1, it is shown that 71 is a chiral molecule because two enantiomers are 
observed and hence it is particularly obvious that four peaks were observed for the two 
bridgehead protons. Not only that, it can be seen that when more shift reagent was 
added, the four bridgehead peaks were more separated but broadened and the downfield 
shift was more significant. The broadness of the peaks is the result of having a relatively 
large quantity of paramagnetic salt.201 The alkene hydrogens were also affected by the 
presence of the shift reagent and splitting of the signals was apparent.  
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Figure 2.7.1 Addition of chiral shift reagent europium tris[3-(trifluoromethylhydroxymethylene)-
(+)-camphorate] (79) to N-oxide 71. 
 
It was reported that assignment of the bridgehead signals by Snyder and co-workers at 
that time was unachievable due to the uncertainty as to whether europium complexation 
occurs at nitrogen or oxygen.184 Later, this group reported that the metal complexation 
using Yb(dpm)3 occurs at nitrogen.199 Due to the two Lewis base sites situated in the N-
oxide moiety, there are three distinct possible ways in which the lanthanide could 
chelate, such that it can chelate to the oxygen, nitrogen or in equilibrium between 
oxygen and nitrogen. On the other hand, Taylor and co-workers showed that Eu(dpm)3 
coordinates to oxygen based on studies with acyclic N-oxides.202 The rationale in their 
system was the proton that was closer to the azoxy oxygen experienced greater 
downfield shift, hence the coordination site for Eu(dpm)3 would appear to be the azoxy 
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oxygen atom, rather than the distal N atom.202 Intuitively, oxygen seemed to be the 
preferred site due to its steric accessibility and its greater degree of negative charge than 
nitrogen.  
 
Although it is typical for lanthanides to be oxophilic, but to eliminate the different 
possibilities, attempts were made to assign the two distinct bridgehead protons. A 
deuteration experiment was carried out, as certain bicyclic N-oxides undergo sequential 
base-catalysed deuterium exchange at the bridgehead positions.199 With a simple 
aromatic system, the base-catalysed deuterium exchange of N-oxide occurs at the 
protons next to the NO moiety.203 However, no change was detected in the bridgehead 
region of the spectrum even after 4 days in the presence of NaOD/D2O. The same 
observation was obtained after 4 hours of sonicating the NMR sample at 40 °C. Tin 
porphyrin is also known to have the tendency to bind to oxygen. Hence, it was used as a 
“shift reagent”, hoping that it would bind to the oxygen of the NNO moiety and changes 
to the spectrum could be observed. Sadly, no difference can be identified in the N-
oxide’s 1H NMR spectrum even after a day in the presence of 1 equivalent of tin 
porphyrin dinitrate. 
 
Furthermore, another direct measure of the asymmetry of the azoxy unit in the N-oxide 
71 is the natural abundance 13C NMR spectrum, where the two bridgehead carbons are 
widely separated (14 ppm) from each other. It is noteworthy to point out that our 
assignments of the bridge CH2 signals are slightly different to those reported by Bearden 
and co-workers.199 However, our finding from two-dimensional (2D) NMR experiments 
that the bridge protons closer to the alkene side appear more upfield than those 
positioned over N-oxide end agree with Bearden and co-workers (Figure 2.7.3).199 The 
authors suggest that the smaller diamagnetic shift by the hetero unit is “undoubtedly due 
to orbital shrinkage at the relatively electronegative nitrogen compared to the carbons” 
of the alkene side of the molecule and is due to the “unsymmetrical dispersal of π-
electron density away from nitrogen by virtue of conjugation with oxygen”.199 
Nevertheless, apart from the lack of ability to differentiate definitively between the two 
sides of the molecule, the asymmetry of the NNO functionality of N-oxide 71 is firmly 
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established and the relative assignment of all the protons was achieved with the data 
obtained from its 2D NMR spectra, as follows. 
 
Figure 2.7.2 COSY spectra of 71 showing (right) upfield region, (left) downfield region using 900 
MHz spectrometer, with cross-peaks illustrated on the structures. 
 
As in Figure 2.7.2 (left), an obvious cross-peak was observed for the downfield alkene 
hydrogen with the downfield bridgehead proton that was sharp whereas another cross-
peak can be seen for the upfield alkene proton with the broad upfield bridgehead 
hydrogen. There were four signals for the bridge CH2 hydrogens as clearly illustrated in 
Figure 2.6.5. From Figure 2.7.2 (right), the most upfield (broad) and most downfield 
signals of these four hydrogens coupled to the downfield bridgehead proton while the 
broad upfield bridgehead hydrogen coupled to the middle two bridge CH2 hydrogens. 
Crucial information regarding which of the two bridge CH2 protons were on the alkene 
side of the molecule was found in the NOESY spectrum shown in Figure 2.7.3, where 
cross-peaks were found between the alkene hydrogens and the two most upfield bridge 
CH2 hydrogens. 
 
Despite the numbers of experiments carried out to characterise and understand the 
structure of N-oxide 71, no apparent explanation can be found for both the extremely 
sharp and extremely broad signals (Figure 2.6.5). All the couplings remain the same 
even when the NMR experiments were carried out at -50 °C or at 900 MHz.  
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Figure 2.7.3 NOESY spectrum of 71 using 900 MHz spectrometer with vital cross-peaks between 
alkene hydrogens and bridge hydrogens (circled in red) and illustrated on the structure. The 
artefact from 5.5-6.5 ppm was due to the presence of water from HBF4 in the sample. 
 
2.8 Surprising Discovery about 2,3-Diazabicyclo[2.2.2]-oct-5-ene (63) and Its 
Stability 
In light of the finding of the N-oxide 71 and the fact that it has been known for a long 
time, it was decided that more of the compound should be made so that its chemistry 
could be studied further. With countless hydrolysis/decarboxylation reactions carried out 
and monitoring by TLC, it was realised that 7 hours of reflux in ethanol was long 
enough to convert the starting material fully, instead of Askani's 15 hours reflux.116 
However, the relatively low percentage yield of the reactions was one of the problems in 
these reactions. It was hypothesised that with the relatively high temperature utilised to 
carry out the hydrolysis/decarboxylation reaction, the retro-diaza-Diels-Alder reaction 
could be happening at the same time. One of the retro-diaza-Diels-Alder products will 
be 1,3-cyclohexadiene with a boiling point of 80 °C and it might be boiling away during 
the reaction and eventually lead to low yield of the reaction. To stop the retro-diaza-
Diels-Alder reaction from happening, it was decided to carry out the 
hydrolysis/decarboxylation reaction under argon for the optimised 7 hours. As usual, the 
                    
84 | P a g e  
 
result was not trivial. It was found that the reaction occurred at a slower rate and 
therefore a half-hydrolysed analogue 80 of the hydrazine was obtained and it was 
contaminated with 1,3-cyclohexadiene. 
 
 
Hence, the experiment was repeated but under air, such as the one from Table 2.6.1, 
Entry 7. After the filtration of solid K2CO3 and evaporation of the filtrate, the usual 
work-up was carried out with ether (Section 4.1.5 and 4.1.8). Upon evaporation of the 
solvent and drying under high vacuum, it was realised that rather than the typical yellow 
oil, a relatively significant amount of milky white solid was observed in the round-
bottom flask. It was thought that inadequate filtration with cotton wool allowed the 
excess base used in the reaction to go through the funnel and into the round-bottom flask 
together with the ether layer. Despite the disappointing observation, 1H NMR spectrum 
of the crude product was recorded. While preparing the NMR sample, it was noticed that 
the milky white solid dissolved completely in CDCl3. At this point, the curiosity about 
the structure of this white solid was paramount as the expected base KOH/K2CO3 should 
not dissolve in CDCl3. Interestingly, bubbling was also observed in the NMR tube after 
the sample was prepared. Remarkably, the 1H NMR spectrum (Figure 2.8.1) of this 
compound looked totally different from that of N-oxide 71, Figure 2.6.1.   
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Figure 2.8.1 1H NMR spectrum of the white solid obtained from hydrolysis/decarboxylation reaction 
of 47. 
 
With careful analysis of the 1H NMR spectrum (Figure 2.8.1), a trace amount of the N-
oxide 71 can be observed, while the major compound was actually the target hydrazine 
63 that we were trying to make all along. Careful examination of the experimental 
procedures revealed that instead of ethanol, DCM was used to wash the solid 
precipitates. This was done merely due to the ease of evaporating the latter solvent. 
Surprisingly the change of one solvent to another had changed the outcome of the 
reaction radically.  
 
A mass spectrum signal of the target hydrazine 63 at m/z 111.0937 was obtained, 
compared to the calculated value at m/z 111.0917 (protonated). However, a large 
fraction of this compound was found to decompose to 1,3-cyclohexadiene during an 
overnight NMR experiment (Figure 2.8.2). On another occasion, where a more dilute 
fresh sample was used, the hydrazine 63 decomposed completely to 1,3-cyclohexadiene 
during the recording of the spectra. 
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 In is interesting that when the reaction was carried out under air and if ethanol was used 
in the filtration step, N-oxide 71 was obtained as the only product, but on the other hand, 
the target hydrazine 63 was obtained as the major product with a trace amount of N-
oxide 71, when DCM was used. Based on how the N-oxide was previously made, it was 
suspected that in all the previous reactions (Figure 2.6.1, Entry 1-7), the isolation of N-
oxide 71 was caused by the oxidation of the target hydrazine 63 to the corresponding 
azoalkene 73. Due to the tendency of 73 to undergo retro-diaza-Diels-Alder reaction, it 
is extremely labile and decomposes rapidly to 1,3-cyclohexadiene and nitrogen. Up to 
this point, all the reactions (except the reaction where 80 was obtained) were carried out 
under air, and oxidation was likely to occur and thus, while 73 was decomposing to 1,3-
cyclohexadiene and nitrogen, a small fraction of it might survive and react with air to 
form N-oxide 71. This can then explain the low percentage yield obtained in all the 
reactions carried out (Figure 2.6.1, Entry 1-7). On the other hand, the solubility of 
oxygen in DCM must be lower than in ethanol, as the hydrazine 63 survived the work-
up with DCM but not with ethanol even though the reaction was carried out under air.  
 
Figure 2.8.2 1H NMR spectra of the fresh 63 (bottom) and after overnight in NMR tube without 
exposure to atmosphere (top).  
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However, formation of N-oxide from azoalkene 73 must be done with relatively low 
concentration of air. This was discovered by exposing a fresh clean sample of 63 to a 
flow of compressed air, and it changed from the initial white solid to a yellow residue 
within 10 minutes, but when the 1H NMR spectrum of this residue was recorded, the 
signals for N-oxide were not observed. It was suspected that when the pure hydrazine 
was charged with compressed air (Scheme 2.8.2), the high concentration of air oxidised 
all the hydrazine (~20 mg) to its corresponding azoalkene and this in turn decomposed 
completely to nitrogen and 1,3-cyclohexadiene. On the other hand, the isolation of N-
oxide 71 from hydrolysis/decarboxylation reaction could owe to the fact that larger 
amount of the hydrazine was present and it was not exposed to strong flow of air. In 
other words, the ratio of oxidant: substrate is crucial, as limiting amount of hydrazine is 
likely to decompose completely to 1,3-cyclohexadiene and nitrogen. This also supports 
the aforementioned finding where a dilute fresh sample of hydrazine was used in the 
NMR experiment, it decomposed fully and rapidly to 1,3-cyclohexadiene, unlike the 
situation that led to the top spectrum of Figure 2.8.2.  
 
To show the sensitivity of the hydrazine, the picture on the left of Figure 2.8.3 was the 
fresh sample obtained from the reaction carried out under air, and charged with argon as 
soon as it was isolated. It can be seen that the compound changed in colour dramatically 
even after sitting in the freezer under argon overnight at -20 °C (right). 
  
Figure 2.8.3 Appearance of 63 immediately after isolation (left) and after overnight storage in the 
freezer under argon at -20 °C (right). 
 
After many reactions attempted trying to obtain the target hydrazine 63, it was only later 
we realised the significance of the fact that Askani’s experimental steps were oxygen-
excluded. Despite the extreme sensitivity of this compound to air, the oxygen exclusion 
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step was not emphasised by the author. Several reactions were also attempted to prepare 
the derivatives of 63 using benzoyl chloride or p-toluenesulfonyl chloride but with no 
success.  
 
It was then decided that the hydrazine 63 should be prepared with thorough exclusion of 
oxygen. Freeze-pump-thaw degassing of the reaction mixture was carried out before the 
reaction mixture was refluxed in ethanol at 85 °C. Also, as the reaction was carried out 
under argon, it was left for 15 hours in order to hydrolyse the starting material fully. It 
can be seen from Scheme 2.8.1 that the percentage yield of this reaction was 
significantly improved compared to those carried out under air. Once the reaction was 
finished, cannulation was carried out to transfer the reaction mixture to a second Schlenk 
tube where degassed DCM was used for washing. This solution was then evaporated and 
degassed ether was added to the second Schlenk tube and the extract was again 
cannulated to the third Schlenk tube leaving behind all the excess base. Once all the 
ether solution was cannulated to the third Schlenk tube, ether was evaporated and 
without any exposure to air, the fresh hydrazine was isolated as shiny crystalline flakes 
as shown in Figure 2.8.4. 
 
Scheme 2.8.1 Hydrolysis/decarboxylation of the ethyl analogue of carbamate with thorough oxygen 
exclusion. 
 
While the shiny crystalline flakes were drying under high vacuum, liquefaction was 
observed on the wall of the flask after several minutes post-isolation even though no 
introduction of air was allowed. 
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Figure 2.8.4 Fresh crystalline hydrazine 63 isolated without any exposure to air. 
 
Without any delay, a series of experiments was carried out using the fresh isolated 
hydrazine. All the solvents involved in the following steps were degassed thoroughly 
before use. The NMR spectrum obtained showed that it was indeed the target hydrazine 
and more importantly, no traces of N-oxide 71 were observed. The two amination 
reactions will be discussed in Section 3.3.5.  
 
Scheme 2.8.2 Series of reactions carried out immediately after isolation of the target hydrazine 63. 
 
The derivative with benzoyl chloride was successful synthesised and the product 81 was 
characterised by 1H NMR and mass spectrometry. With degassed solvents and reagents 
used, the outcome of this reaction was different, as all the previous unsuccessful 
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experiments for making the derivative were not carried out with anaerobic conditions. 
Again, this was not clearly specified in the reported procedures of Askani.116 The 
chemical shifts of all the broad 1H NMR signals correspond relatively closely to the 
literature values.204,205 It is suspected that the exceptionally broad signals were due to the 
presence of two diastereomers and not only that, the presence of amide rotamers will 
contribute to the broadness of the peaks. 1H NMR spectrum at -50 °C was also recorded, 
however, it was uninformative in interpreting the spectrum. Chung and co-workers 
suggest that upon heating the solution of 81 in pyridine-d5 at 48-50 °C, the two 
bridgehead protons coalesced.205 When high temperature NMR was carried out in 
1,1,2,2-tetrachloroethane-d2, this observation was confirmed but at a temperature higher 
than 50 °C, due to the higher frequency of our 400 MHz instrument.  
 
 
From Figure 2.8.5 and Figure 2.8.6, the two bridgehead protons that appeared at about 
5.6 and 4.7 ppm at room temperature (bottom of Figure) slowly coalesced and 
eventually, when the temperature was increased to 90 °C, a single signal at about 5.0 
ppm was observed. Not only that, with increasing temperature, the broad alkene 
multiplet in the 6.2 to 7.2 ppm region at room temperature sharpened dramatically to a 
moderately sharp singlet. Similarly, the broad signal for the phenyl hydrogens sharpened 
and some splittings can be seen. The broad multiplets for the bridge CH2 protons also 
changed in their appearance and ultimately, two doublets were detected. 
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Figure 2.8.5 High temperature 1H NMR spectra of 81 recorded in 1,1,2,2-tetrachloroethane-d2 from 
room temperature (bottom) to 90 °C (top). 
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Figure 2.8.6 Expansion of high temperature 1H NMR spectra of 81 recorded in 1,1,2,2-
tetrachloroethane-d2 from room temperature (bottom) to 90 °C (top). 
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The extraordinary sensitivity of the hydrazine to oxidant was definitely a huge challenge 
in its isolation from both the acidic or basic hydrolysis/decarboxylation reactions. This 
now explains why upon deprotonation (the aqueous work-up), none of the compound 
survives in the t-butyl series, and also the “disappearance” of the desired compound 
upon attempted sublimation. 
 
With the realisation of the sensitivity of the aforementioned hydrazine 63, another series 
of compounds was attempted with anthracene. In other words, if 1,3-cyclohexadiene was 
changed to anthracene in the diaza-Diels-Alder reaction (Scheme 2.8.3), the subsequent 
hydrolysis/decarboxylation reaction might provide more thermally stable hydrazine. 
 
Scheme 2.8.3 Synthetic proposal with the use of anthracene as an alternative to 1,3-cyclohexadiene. 
 
2.9 Synthesis of 9,10-(N,N-Dicarbethoxyhydrazo)-9,10-dihydroanthracene (82) 
The synthesis of 9,10-(N,N-dicarbethoxyhydrazo)-9,10-dihydroanthracene 82 was 
modified from the procedure developed by Diels and co-workers.125 Unlike the reaction 
between 1,3-cyclohexadiene and DEAD (Section 2.5), the diaza-Diels-Alder reaction for 
anthracene occurred thermally and no photochemical irradiation was needed for the 
reaction to take place. However, it was noticed that relatively long reaction time was 
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required for the reaction to yield 52 % 82. It was also found that 82 crystallised in many 
different ways such as those shown in Figure 2.9.1. To obtain shiny crystals from the 
recrystallisation using ethanol, the ethanol solution must be cooled at very slow rate. 
 
Scheme 2.9.1 Synthesis of 9,10-(N,N-dicarbethoxyhydrazo)-9,10-dihydroanthracene (82) from diaza-
Diels-Alder reaction between anthracene and DEAD. 
  
 
  
Figure 2.9.1 Different types of crystals found for 82. The colour of the top rectangular crystal (1.8 
cm ൈ 1 cm) was due to the presence of DEAD in the mother liquor. 
 
Also, 82 is shown to be a fluxional molecule from its 1H NMR spectrum (Figure 2.9.2) 
This is clearly demonstrated by the inset of  the spectrum where half of the CH2 signal 
appeared to be relatively sharp and the other half of the signal was very broad. 
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Figure 2.9.2 1H NMR spectrum of 9,10-(N,N-dicarbethoxyhydrazo)-9,10-dihydroanthracene (82).  
 
2.10 Synthesis of 2,3:5,6-Dibenzo-7,8-diazabicyclo[2.2.2]octa-2,5-diene (66) 
With the carbamate 82 synthesised, the hydrolysis/decarboxylation reaction was again 
attempted with this new system. Surprisingly only one short communication can be 
found for the synthesis of the target hydrazine 66 from 82 and it was reported by Corey 
and Mock where the former adduct was used as a diimide source.183 The synthesis of 66 
was reported by the authors where it was stated that “The reagent I (66 in this project) 
was prepared by careful hydrolysis of the anthracene-diethyl azodiformate adduct in 
excess 2 M sodium hydroxide in ethanol under nitrogen at 25 ° for 20 hours, then 
concentration in vacuo, dilution with water, acidification with hydrochloric acid, 
filtration (to remove insoluble impurities) and basification to precipitate I (all 
operations must be carried out in the cold, yield 78 %)”. As there was lack in details for 
the exact amount of base used, similar amount of base was utilised based on the 
hydrolysis/decarboxylation reactions of 47 but due to the limited solubility of 82 in the 
reaction mixture, more NaOH/EtOH was used than intended. However, upon the work-
up suggested by Corey and Mock, it was found that instead of filtering the product, 
extraction of the product into DCM was necessary to isolate the solid product. 
Unfortunately, after the suggested reaction time by Corey and Mock, 1H NMR spectrum 
of the crude product showed the presence of anthracene (from retro-diaza-Diels-Alder 
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reaction) and instead of the target hydrazine 66, a half-hydrolysed analogue 83 of the 
hydrazine was obtained. It is also worth pointing out that the 1H NMR spectrum of the 
crude product was recorded again after 11 days and the amount of anthracene was 
significantly higher compared to the fresh crude sample. 
 
 
Hence, the hydrolysis/decarboxylation reaction was repeated with double the amount of 
base, and due to the continued presence of starting material after 22 hours of stirring, the 
reaction was allowed to go for 26 hours. This time, the work-up was modified and the 
solid precipitates formed during the reaction were removed by filtration and the filtrate 
was evaporated to yield yellowish solid. 1H NMR spectrum of this crude yellowish solid 
showed this to be a very small amount of anthracene. Therefore, the majority of the 
compound should be in the solid precipitates removed earlier. The solid precipitates 
were then treated with ether and water so that the organic components could be extracted 
into the ether layer leaving behind the excess base. However, no recognisable signals 
were found in the 1H NMR spectrum apart from those of a large amount of anthracene. 
 
Another reaction was attempted with double the amount of base (compared to the first 
hydrolysis/decarboxylation reaction), and stirring was carried out for 24 hours and same 
work-ups were done as those suggested by Corey and Mock.183 Surprisingly the 1H 
NMR spectrum (bottom spectrum of Figure 2.10.1) of the crude product showed the 
presence of the target hydrazine 66 with small amount of 83 and of course anthracene. 
Upon D2O exchange (top spectrum of Figure 2.10.1), both the NH signals from the fully 
hydrolysed 66 and half-hydrolysed 83 disappeared. In addition, from the COSY 
(Correlation Spectroscopy) spectrum (Figure 2.10.2), a cross-peak can be seen between 
the bridgehead proton signals of 66 and their neighbouring NH signals. An EXSY 
(Exchange Spectroscopy) peak can also be seen from the NHs of 66 to the H2O signal. 
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Figure 2.10.1 1H NMR spectra of 66 with the presence of small amount of the half-hydrolysed 
analogue 83 and anthracene (bottom) and after D2O exchange (top). 
 
Although the crude product was mostly 66, the percentage yield was only 17 %. When 
the basic aqueous layer was extracted with ether, a large amount of anthracene was 
obtained with a small amount of 83. The synthesis of 66 was repeated using the same 
conditions employed in its first synthesis described immediately above. However, only 
anthracene and the half-hydrolysed hydrazine 83 were observed in all the attempts. From 
the presence of anthracene in every reaction, it is an indication that both the target 
                    
98 | P a g e  
 
hydrazine 66 and the half-hydrolysed analogue 83 are not very thermally stable. 
However, comparing the two hydrazines, 83 was significantly more stable as the target 
hydrazine 66 was only isolated once. This is due to the fact that 66 is very likely to 
undergo retro-diaza-Diels-Alder reaction to produce diimide; indeed the former adduct 
was introduced as a synthetically useful diimide precursor.183,206 Also, Wang and 
Sheridan reported that at 45 °C, the rate of the retro-diaza-Diels-Alder reaction of 66 is 
about three times faster than the analogous hydrazine 84.134 The first synthesis of 66 in 
this project was done on a relatively large scale (500 mg) and the following attempts to 
repeat the synthesis were done on significantly smaller amounts. Hence, it was thought 
that with small scale reaction, the amount of 66 generated will be extremely small (based 
on the % yield of the first synthesis) and if it underwent the retro-diaza-Diels-Alder 
reaction, it was unlikely that 66 could be isolated. Therefore, a reaction on the same 
scale (500 mg) as the first synthesis of 66 was repeated and again, only anthracene and 
the half-hydrolysed hydrazine 83 were observed. It was obvious that 66 must be 
extremely labile and hence its isolation can be completely precluded by trivial changes 
in the work-up. 
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Figure 2.10.2 COSY spectrum of the crude sample of 66 with the presence of small amount of the 
half-hydrolysed analogue 83 (downfield region omitted for clarity). 
 
Due to the limited solubility of 82 in the NaOH/EtOH mixture, another experiment was 
also attempted where 82 was dissolved in THF before the basic medium KOH/EtOH 
was added. THF was chosen due to its ability to solubilise the starting material and its 
tendency to solvate alkali metal cations might make hydroxide more accessible for the 
reaction. However, upon work-up, only anthracene and no other recognisable signals 
were found in the 1H NMR spectrum.  
 
Furthermore, it was considered that, although excess base was used in these reactions, 
due to the limited solubility of the substrates in the basic alcoholic reaction mixture, the 
concentration of hydroxide ion available must be inadequate. Therefore, another 
hydrolysis/decarboxylation reaction was done using phase transfer catalyst. This type of 
catalyst is used to carry the nucleophile, hydroxide ion in this case from the aqueous into 
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the organic phase and allow it to be available to react with the substrate.23 The hydroxide 
anions are only weakly solvated in the organic phase and therefore exhibit enhanced 
nucleophilicity.207 For example certain crown ethers or cryptands are able to surround 
certain cations. Examples can be found in the literature where the rate of two-phase ester 
saponification can be greatly increased by the use of phase transfer techniques208-210 or 
ultrasound.23,211 15-Crown-5 is known to complex sodium best.208 On the other hand, a 
report was found for base-catalysed auto-oxidation of fluorene to fluorenone in an 
aqueous potassium hydroxide-benzene two-phase system in the presence of 18-crown-6 
as a phase transfer catalyst.212 For the particular system, the ease of oxidation with 
respect to the base is KOH> NaOH> LiOH> Ba(OH)2.212 Also, calorimetric titration 
study by Christensen and co-workers revealed that more stable complex is formed by 
18-crown-6 with K+ ion compared to Na+.213,214 The reports were consistent with the X-
ray data which showed that K+ fitted nicely into the crown-6 cavity in the crystal 
reported by Truter.215  
 
With all the information regarding the stability of 18-crown-6 complex with K+ ion, 18-
crown-6 and aqueous KOH solution were used in the hydrolysis/decarboxylation 
reaction of 82. Two different reactions using 18-crown-6 and 5 M aqueous KOH were 
carried out using toluene or DCM as the organic solvent. Unfortunately, after overnight 
vigorous stirring, no conversion of starting material was detected. It is also known that 
ultrasonic acceleration of hydrolysis of carboxylic acid esters can be found in the 
literature,211  therefore the reaction mixture was left in an ultrasonic bath for about 24 
hours over the period of 4 days. Over this period of time, the conversion of starting 
material was still insignificant for both of the reactions. With no success obtained from 
all the efforts to reproduce the synthesis of 66 and finding optimum conditions for its 
synthesis, it was decided that, perhaps the synthesis of the half-hydrolysed analogue 83 
should be optimised, as based on Scheme 2.10.1 it can also be used for the subsequent 
amination reaction. The only drawback of this would be another hydrolysis reaction has 
to be undertaken before the second porphyrin can be coupled to the corresponding 
hydrazine. However, the upside of this is different porphyrins varying in the central 
                    
101 | P a g e  
 
metal or substituents can be used in the two amination reactions and this might provide 
interesting characteristics to the target azoporphyrins.   
  
Scheme 2.10.1 Change of synthetic proposal due to the use of half-hydrolysed hydrazine 83. 
 
2.11 Synthesis of 9-(N-Carbethoxyhydrazo)-9,10-dihydroanthracene (83) 
As in the first hydrolysis/decarboxylation reaction in Section 2.10, the half-hydrolysed 
hydrazine 83 was obtained (Scheme 2.11.1). However, based on this particular reaction 
(Entry 1, Table 2.11.1), the ratio between the half-hydrolysed hydrazine 83 and the 
retro-diaza-Diels-Alder adduct, anthracene 85 was not encouraging. When the reaction 
was repeated under the same conditions as its first synthesis (Entry 2, Table 2.11.1), the 
ratio found was very similar to its first synthesis. It was then decided to lower the 
concentration of base used in the reaction by half (Entry 3, Table 2.11.1) and the 
reaction was significantly improved, and mostly the desired product and very tiny 
amount of the side product were obtained. Surprisingly only one report can be found in 
the literature for the half-hydrolysed hydrazine 83.216 Neither the experimental 
procedures nor the spectroscopic data were reported by the authors. According to the 
authors, “In the preparation of anthracene-9,10-bi-imine by the alkaline hydrolysis of 
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the Diels-Alder adduct (I) of anthracene and diethyl azodicarboxylate, the 
monodecarboxylated compound (II; R = H) was obtained as a by-product in substantial 
amount.” What was more surprising was the authors then mentioned, “In a private 
communication, Professor Corey has informed us that he also encountered this 
compound.” However, this was not mentioned in Corey and Mock’s communication 
where they reported the synthesis of 66. 
 
Scheme 2.11.1 Hydrolysis/decarboxylation reaction of 82 to give the half-hydrolysed hydrazine 83 
and anthracene 85. 
 
Table 2.11.1 Different experiments carried out to find the optimum conditions for the synthesis of 9-
(N-carbethoxyhydrazo)-9,10-dihydroanthracene (83). 
 
Starting Material  
(mol)  
NaOH (mol) 
Reaction Times 
(hrs)  
Ratio  
83:85 
1  0.001  0.02  20  45:55 
2iii  0.001 0.02 20 64:36  
3  0.001 0.01 20 95:5 
 
It was noticed that after the optimisation, although only a small proportion of anthracene 
was found, the percentage yield of the reaction was only 32 % (post-column 
chromatography and recrystallisation). This was essentially due to the low conversion of 
starting material in the reaction. The starting material can be recovered through the 
work-up where the “insoluble impurities” were removed by filtration. When the amount 
of starting material recovered was taken into account, the percentage yield of the 
reaction was actually 83 %.  
 
                                                 
iii The differing results between Entries 1 and 2 of Table 2.11.1 are presumably due to the subtle 
(unnoticeable) changes during the work-ups of the reactions. 
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From the presence of anthracene in all the reactions carried out so far, it would be 
interesting to know if 83 decomposed or melted when heated. This can be achieved by 
Differential Scanning Calorimetry (DSC) measurement where a decomposition or 
physical transformation, for example phase transition of the compound studied can be 
differentiated. DSC measurement of the half-hydrolysed hydrazine 83 was performed 
and a decomposition temperature at 149 °C was found (Figure 2.11.1). Following this, 
thermogravimetric analysis (TGA) would be useful as the nature of fragments upon 
decomposition could be studied. Unfortunately, due to the unavailability of a TGA 
instrument, a simplified mass loss measurement was carried out with the aid of an NMR 
spectrometer and melting point apparatus. 
 
Figure 2.11.1 Differential Scanning Calorimetry (DSC) measurement of 83. 
 
It was known from DSC measurement that the decomposition temperature of 83 was 149 
°C, so a small amount of this pure hydrazine was added into the capillary tube used for 
melting point measurements and it was heated to the decomposition temperature found. 
Subsequently, 1H NMR spectrum of the decomposed material was recorded. Upon 
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decomposition, no signals of 83 can be seen on the 1H NMR spectrum and not 
surprisingly, only the signals from anthracene were observed (Figure 2.11.2). Not only 
that, the melting point of anthracene is 217-218 °C217 and so the endothermic process at 
198 °C from the DSC measurement (Figure 2.11.1) might have been due to melting of 
anthracene as the melting endotherm is expected to be lower and broader for a slightly 
impure sample. 
 
Figure 2.11.2 1H NMR spectra of pure half-hydrolysed hydrazine 83 before decomposition (top) and 
after decomposition at 149 °C (bottom). 
 
In the meantime, due to the observation of protonated hydrazine 64 described in Section 
2.4, it was thought that if the analogous hydrazine 86 could be synthesised from 87, it 
might be more thermally stable than its deprotonated form 66.   
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Hence, the synthesis of 87 might be achieved through the use of anthracene and di-tert-
butyl azodicarboxylate as the diene and dienophile, respectively, in the diaza-Diels-
Alder reaction (Scheme 2.11.2). 
 
Scheme 2.11.2 Proposed diaza-Diels-Alder reaction between anthracene and di-tert-butyl 
azodicarboxylate. 
 
2.12 Attempted Synthesis of 9,10-(N,N-Dicarb-t-butoxyhydrazo)-9,10-
dihydroanthracene (87) 
No literature can be found for the t-butyl carbamate 87 although the analogous 
carbamate 82 was synthesised a number of times by different research groups for 
different purposes. For instance, Corey and Mock used the latter carbamate for the 
synthesis of diimide precursor183 and it was also mentioned in the NMR studies by 
Lehn’s218 and Sutherland’s219 research groups. Applying the same conditions found for 
82 to anthracene and di-tert-butyl azodicarboxylate, TLC monitoring of reaction 
progress revealed that the reaction mixture consisted of only the starting materials even 
after 52 hours of reflux, and this was confirmed by the recorded 1H NMR spectrum. 
Extension of heating to 6 days did not improve the result. It was thought the reaction 
might be improved with higher reflux temperature, therefore xylene was used as the 
solvent. Unfortunately with 24 hours of reflux at 140 °C, the reaction extent was not 
improved. No formation of the target carbamate 87 was observed.  
 
                    
106 | P a g e  
 
Another experiment was attempted where no solvent was used but it was hoped that 
upon the increase of temperature, the melting of anthracene would dissolve the 
dienophile and allow the formation of target product 87. The aim of this experiment was 
not achieved as instead of melting, anthracene sublimed too rapidly with temperature 
increase. A similar experiment was attempted where the two solid starting materials 
were added into a Teflon Parr bomb that was completely sealed and heated above the 
melting point of anthracene. Even after 18 hours at 230 °C, the 1H NMR spectrum of the 
crude sample showed no sign of target product.  
 
Table 2.12.1 Different reaction conditions attempted for the synthesis of 9,10-(N,N-dicarb-t-
butoxyhydrazo)-9,10-dihydroanthracene (87). 
Condition Temperature (°C) Time (hrs) Solvent 
1 Reflux 120 52 Toluene 
2 Reflux 140 24 Xylene 
3 Melt 100 24 - 
4 Reflux 120 144 Toluene 
5 Parr Bomb 230 18 - 
 
After multiple unsuccessful attempts at the synthesis of 9,10-(N,N-dicarb-t-
butoxyhydrazo)-9,10-dihydroanthracene (87), the aforementioned conclusion that the 
two dienophiles are somewhat chemically different although they are structurally similar 
was reinforced with the comparison of results for 82 and 87. Moreover, in the work 
described in Sections 2.2 and 2.5, the conversion of starting material was significant 
lower with the t-butyl dienophile. Similar trend can be observed in the anthracene series 
(Sections 2.9 and 2.12) where no formation of the target carbamate was detected when 
the t-butyl analogue of the dienophile was used. The exact reason behind this is not 
completely understood but it was obvious that steric bulk resulting from the t-butyl 
groups was one of the contributing factors. It was also reported in the literature that di-
tert-butyl azodicarboxylate was found to be less reactive with most cyclic dienes.220,221 
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2.13 Crystal Structures Obtained for Anthracene Series 
Crystal structures for carbamate 82 and its derived half-hydrolysed hydrazine 83 were 
obtained. While trying to grow single crystals of the former carbamate by vapour 
diffusion, it was found that the mother liquor post-recrystallisation (Section 4.1.9) gave 
surprisingly big thin plates of single crystals when it was left to evaporate to dryness. On 
the other hand, while finding the optimum conditions for the purification of the half-
hydrolysed hydrazine 83, single crystals of 83 were obtained from the recrystallisation 
of a relatively pure sample of 83 from ethanol. 
 
2.13.1 Crystal Structure of 9,10-(N,N-Dicarbethoxyhydrazo)-9,10-
dihydroanthracene (82) 
 
Figure 2.13.1 Crystal structure of 9,10-(N,N-dicarbethoxyhydrazo)-9,10-dihydroanthracene (82) 
with disorder in one of the ethyl groups over two positions in a ratio of 25 (left):75 (right). 
 
As for di-tert-butyl azodicarboxylate, the space group for this structure is P21/c. 
Rotational disorder can be found in one of the ethyl groups over two positions in a ratio 
of 25:75. Electron density suggested the preferred orientation as the one with ethyl 
group pointing out of the plane of the page (Figure 2.13.1, right). Compared to the 
pseudo C2 axis observed in Section 2.3.1 for 61, there is no C2 axis in the crystal found 
for 82 (Figure 2.13.1, right). However, in the crystal structures of both of these 
carbamates (61 and 82), the two carbamate groups are in an anti arrangement about the 
N-N bond. The average of the two sums of the angles around the NCO2Et is found to be 
343.0 ° which deviates slightly from the idealised geometries of 360 ° for planar amide 
nitrogen. 
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2.13.2 Crystal Structure of 9-(N-Carbethoxyhydrazo)-9,10-dihydroanthracene (83) 
 
Figure 2.13.2 Crystal structure of 9-(N-carbethoxyhydrazo)-9,10-dihydroanthracene (83). 
 
As in di-tert-butyl azodicarboxylate and structure 82, the space group is P21/c. Again, 
anti arrangement is observed for the carbamate and amine groups. Also, the sum of the 
angles around the NCO2Et is found to be 356.0 ° (compared to the 343.0 ° in structure 
82) while the sum of the angles around NH is 317.4 °, so they are relatively close to the 
idealised geometries of 360 ° for planar amide nitrogen and 321 ° for pyramidal amine 
nitrogen. Hydrogen bonding can be seen in the crystal packing between the hydrogen of 
the amine group with oxygen of the carbonyl. 
 
With the synthesis of various hydrazines from different systems, the subsequent 
amination reactions are discussed in Chapter 3. 
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3 The Synthesis of Porphyrin Precursors and Their Couplings 
with Exotic Hydrazines (Amination) 
 
3.1 Introduction 
This Chapter describes the synthesis of porphyrin precursors and their coupling with 
different exotic hydrazines reported in Chapter 2. It also describes the formation and 
characterisation of hydroxyporphyrin from some of the palladium-catalysed coupling 
reactions. Synthesis of novel dioxoporphyrin dimer is also described. 
 
3.2 Synthesis of Iodo-, Nitro- and Aminoporphyrins 
3.2.1 Iodoporphyrins 
As in Scheme 1.10.1, Scheme 2.8.3, and Scheme 2.10.1, the proposed halogenated 
porphyrin for the amination reaction was NiDAPI 88. This particular porphyrin was 
chosen not only for its unoccupied meso-position but compared to the bromoporphyrin, 
iodide is a better leaving group than bromide. For instance, the C-I bond is 13 kJ mol-1 
weaker than C-Br bond.113 Also, the precedent that the synthesis of 35 was improved by 
Ruppert and co-workers by using meso-iodoporphyrin instead of the corresponding 
bromo derivative in the Buchwald amination reaction supported our choice of porphyrin 
starting material.177  
 
Therefore, the free base iodoporphyrin, H2DAPI 89 was prepared from the free base 
building block, H2DAP 5 (Scheme 3.2.1), using the method previously employed by 
Odobel et al. for iodination of triarylporphyrin.222 The synthesis of 89 was relatively 
straightforward, however, its purification from the unwanted side products, namely the 
unreacted starting material 5, and the di-iodoporphyrin H2DAPI2 90, was cumbersome. 
Nevertheless, the solvent mixture (CHCl3: hexane (1/3:2/3) + 0.5 % TEA) found in this 
project provided better separation than the mixture previously described.181 Although 
Osuka and co-workers reported on the facile regioselective meso-iodination of 
porphyrins, no 1H NMR data for either the free base 89 and nickelated iodoporphyrin 88 
were available in the literature.223 With Osuka’s method using zinc-porphyrin as 
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substrate in a mixture of CHCl3 and pyridine (60:1) with 1 equivalent of AgPF6 and 
iodine at room temperature, the corresponding iodoporphyrin was demetallated to give 
89 in 36 % isolated yield.224 In our method, rather than the demetallation step required in 
Osuka’s strategy,223 only one synthetic step was involved to get to the free base 
iodoporphyrin 89 in 75 % isolated yield. Osuka and co-workers also encountered the 
purification problem with these iodoporphyrins. It was noticed in this project that 
column chromatography of products of larger scale reactions tended not to separate the 
monoiodoporphyrin 89 from the diiodoporphyrin 90. This was due to the low solubility 
of diiodoporphyrin and it was eluted in every fraction collected, resulting from its slow 
dissolution rate in the chromatography solvent (CHCl3: hexane (1/3:2/3) + 0.5 % TEA) 
used. This problem was amplified when a larger amount of diiodoporphyrin was present 
in the crude sample. Based on a communication from Osuka, their iodination method did 
not work with free base porphyrin 5.224 With the preparation of 89, the subsequent 
metallation with Ni(acac)2 or Zn(OAc)2 can be done relatively easily as shown in 
Scheme 3.2.1, to yield 88 and 91 respectively. 
 
Scheme 3.2.1 Synthesis of iodoporphyrins starting from the basic building block, H2DAP 5. 
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3.2.2 Nitro- and Aminoporphyrins 
Apart from the novel strategies illustrated in Scheme 1.10.1, Scheme 2.8.3, and Scheme 
2.10.1, using hydrazines for the coupling reactions with porphyrins to get to the target 
azoporphyrin, another approach with the use of AuNPs was also attempted (See 
Appendix). Hence, the following nitro- 92-94 and aminoporphyrins 95, 96 were 
synthesised for this purpose (Scheme 3.2.2). All these porphyrins were previously 
reported except the free base aminoporphyrin 95. 
 
Scheme 3.2.2 Synthesis of nitroporphyrins and aminoporphyrins starting from H2DAP 5. 
 
The novel free base aminoporphyrin 95 was synthesised by the method adapted from 
Bašić225 and it was characterised by NMR, MS and UV/vis. One interesting point about 
this free base porphyrin 95 was the relative downfield shift of the inner NHs at -0.83 
ppm compared to the inner NHs of the analogous free base nitroporphyrin 92 at -2.84 
ppm. This downfield shift (but not as significant as 95) of the NHs can also be seen with 
the comparable 5,10-diaryl aminoporphyrin 97 at -1.13 ppm compared with its 
analogous nitroporphyrin 98 at -2.71 ppm.225 The simplest reason for this observation is 
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the diminishing of ring current or aromaticity of the porphyrin due to the electron 
donating amino group by resonance. Example of lone pair of the amino N atom 
delocalised onto the aromatic porphyrin ring can be seen in the planarity of the amino 
end in the X-ray structure reported by Esdaile.111 The UV/vis spectrum of 95 also had a 
very similar profile to the one found by Bašić for the 5,10-diaryl aminoporphyrin 97.225  
 
 
With all the porphyrin starting materials ready to be used, the long-awaited amination 
reactions were investigated and are discussed in the following sections. 
 
3.3 Coupling of Halogenated Porphyrins with Exotic Hydrazines (Amination) 
3.3.1 Amination between Various Porphyrins and Half-hydrolysed Hydrazine 83 
from Anthracene Series 
A series of amination reactions was attempted and the conditions are summarised in 
Table 3.3.1 showing the different porphyrins, Pd catalysts, phosphine ligands, bases, 
solvents and temperatures employed. The reaction conditions employed for the first 
amination (Entry 1, Table 3.3.1) were adapted from Ruppert and co-workers, since they 
managed to improve the synthesis of 35 with the suggested conditions.177 However, after 
heating the reaction medium for 27 hours, the 1H NMR spectrum of the crude sample 
showed mainly the unreacted porphyrin 88 and anthracene, both in significant amounts. 
The excess half-hydrolysed hydrazine 83 was not observed in the 1H NMR spectrum of 
the crude sample but considerable amount of anthracene suggested that the former 
adduct decomposed during the reaction course. Upon purification with column 
chromatography, apart from the unreacted starting material 88, two different 
disubstituted porphyrins 99 were obtained. Based on UV/vis spectra, they were both 
monomers and from the coupling pattern of the substituents, they most likely resulted 
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from attack on the solvent 1,4-dioxane. ESI mass spectrometry was attempted but no 
molecular ions were observed. Due to the small amounts of compounds available, no 
further characterisations were done on these two compounds as the target amination 
reaction was the main interest of this project. 
N
N N
N
Ar
Ar
Y
Ar = 3,5-tBu2C6H3
NiX
99  
 
Based on the amount of 88 recovered from the last reaction, it was then decided to 
increase the amount of Pd(OAc)2 and BINAP used (Entry 2, Table 3.3.1), hoping that 
this would favor the target amination reaction. Unfortunately, the outcome of the 
reaction was the same and again, the two disubstituted porphyrins 99 were isolated. It 
was then decided to make the palladium-porphyrin complex 100 so that it was known 
for sure that the “intermediate” needed for the palladium-catalysed reaction was 
definitely present in the reaction medium. This method was adapted from the synthesis 
of organopalladium porphyrins by Arnold and co-workers.226 Both 1H and 31P NMR 
spectra of 100 were obtained, however the percentage yield of this compound was less 
than 25 %.  
N
N N
N
Ar
Ar
Ni Pd
P
P
Ph
PhPh
I Ph
Ar = 3,5-tBu2C6H3
100  
 
Hence, the next amination was attempted with 100 and to avoid the problem with 1,4-
dioxane, toluene was used instead. After 6 hours of heating, the reaction was stopped, 
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and upon column chromatography, 3 fractions were obtained. The first red fraction was 
dehalogenated starting material, NiDAP 101. Following this, a red and a green fraction 
were obtained. The green fraction was confirmed by 1H NMR and MS to be 104. One 
characteristic point about azocarboxylate porphyrins is that one of the β-H doublets is 
downfield of the meso-H singlet. This is clearly illustrated in Figure 3.3.1. Another 
example of this can be seen from the analogous azocarboxylate porphyrin 105 where one 
of the β doublets at 9.67 ppm is downfield of the meso singlet at 9.50 ppm.170 The same 
observation can be seen from the t-butyl analogue of 105.111 Back to the red fraction, 
from the 1H NMR spectrum, it was found to be the reduced analogue 106 of the 
azocarboxylate porphyrin.  
N
N N
N
R
R
M
102 M = Ni, R = Ph
101 M = Ni, R = 3,5-tBu2C6H3
103 M = Pd, R = Ph
N
N N
N
R
R
Ni
105 R = Ph
N
N
O
O
104 R = 3,5-tBu2C6H3
N
N N
N
R
R
Ni
107 R = Ph
NH
HN
O
O
106 R = 3,5-tBu2C6H3
 
 
 
Figure 3.3.1 1H NMR spectrum of 104 showing only the porphyrin region. 
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From the structure of the compounds isolated, it was clear the first amination step 
proposed in Scheme 2.10.1 had occurred. Unfortunately, the retro-diaza-Diels-Alder 
reaction that was planned in the later step of the synthetic procedures took place 
immediately after the formation of the target compound 108 to yield 104.  
 
 
The presence of 106 was most likely due to the reducing condition in the reaction 
medium. As mentioned before, hydrazine 66 was reported by Corey and Mock as a 
diimide source and it is an effective reductant for azo and mono- and disubstituted 
olefinic linkages.183 With 83, one of the retro-diaza-Diels-Alder products was proven to 
be anthracene (Figure 2.11.1 and Figure 2.11.2), however instead of diimide 110, the 
other product should be 111 shown in Figure 3.3.2. This unknown azene might also be a 
reductant, hence, to confirm the presence of this compound, the reactions in Scheme 
3.3.1 were proposed and attempted. The first step of the proposed reactions is a standard 
undergraduate laboratory experiment. 3-Sulfolene or its derivatives are known to be 
butadiene sources for Diels-Alder reactions.227-229  
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Figure 3.3.2 Retro-diaza-Diels-Alder products of 66 and 83. 
 
The advantages of using 3-sulfolene include its high stability as a solid at room 
temperature and more importantly, its rapid and complete reversion to sulfur dioxide and 
1,3-butadiene 112 upon moderate heating at about 110-130 °C.227,230,231 
 
Scheme 3.3.1 Proposed one-pot three-step reaction involving 3-sulfolene to yield 1,3-butadiene (112) 
and coupling of this diene with 113 to yield the Diels-Alder product 114. 
 
The one-pot three-step reaction was done at 149 °C as this was the decomposition 
temperature determined earlier for 83. Upon chromatography of the crude product, apart 
from anthracene, two fractions that fluoresced under UV light were obtained, namely a 
less polar blue fraction and a more polar purple compound. The blue fluorescent 
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compound was not identifiable. However, based on the 1H NMR, COSY, NOESY and 
mass spectra of the more polar purple fluorescent compound, it was found to be 115. No 
experimental data for 115 can be found in the literature. The exact mechanism for the 
formation of this compound is not known. The 1H NMR spectrum of 115 can be seen in 
Figure 3.3.4 and the MS assignments in Table 3.3.2. 
 
Figure 3.3.3 Blue fluorescent compound isolated from the reaction between 3-sulfolene and 83. 
 
 
Figure 3.3.4 1H NMR spectrum of 115. 
 
N
H
O
O
115
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The presence of 113 cannot be authenticated based on the result obtained from the one-
pot reactions in Scheme 3.3.1. This could be due to the possibility that 113 is not a good 
dienophile or it is too thermally labile to react with 1,3-butadiene. However, 
nucleophilic C-H activation was certainly favoured in the reaction mixture to yield 115 
from anthracene. Studies of the unknown reactive small molecule 113 may require flash 
vacuum pyrolysis techniques, which were unavailable to us. It is, however, a potentially 
interesting molecule, and the hydrazine 83 may be its ideal precursor.  
 
Table 3.3.2 Electrospray Ionisation (ESI) MS assignment for 115. 
Experimental (m/z) Calculated (m/z) Assignment 
Molecular 
Formula 
266.1174 266.1176 [M+H]+ C17H16NO2+
288.0993 288.0995 [M+Na]+ C17H15NNaO2+ 
531.2276 531.2278 [M2+H]+ C34H31N2O4+ 
553.2105 553.2098 [M2+Na]+ C34H30N2NaO4+ 
 
Back to the amination reactions, it was hoped that synthesis of 100 and its coupling with 
83 could be done in situ. Hence, one-pot two-step reaction (Entry 4, Table 3.3.1) was 
carried out with non-nucleophilic organic base, 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU). From the 1H NMR spectrum of the crude product, the target organopalladium 
porphyrin 100 was not observed and unreacted 88 and 83 were seen, along with a few 
other porphyrinoid compounds in small proportions. Unfortunately, with several 
attempts of purification, no novel porphyrin could be identified.  
 
In addition, due to the difficulties of preparing NiDAPI 88 on large enough scale, the 
porphyrin starting material was changed from diaryl to diphenyl system. Therefore, 
another one-pot two-step reaction was attempted with NiDPPBr 116.  
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Based on the first one-pot reaction, no formation of 100 was observed in the 1H NMR 
spectrum and this was suspected to be caused by the low reaction temperature. However, 
after about 9 hours of heating at 105 °C in the second attempt, no formation of the target 
organopalladium porphyrin was observed. Hence, the intended one-pot reaction with 
tBuONa as base was not continued (Entry 5, Table 3.3.1). A sample of 117 prepared by a 
former student was later found in the lab and the amination reaction was again 
attempted. Based on the result from the previous coupling reaction with 
organopalladium porphyrin, the products isolated, (104 and 106) were the decomposed 
analogues of the target product 108. Hence, this time, the reaction was started at room 
temperature, then the reaction mixture was heated to 62 °C due to the slow conversion of 
the starting material, and after two hours a faint green band was visible by TLC. 
Unfortunately, due to the small scale reaction and low conversion of starting material 
even after overnight heating, the green compound was not characterisable. 
N
NH N
HN
Ph
Ph
Pd
P
P
Ph
PhPh
Br Ph
117  
 
The same reaction was repeated, with DMF as the solvent instead of toluene. Upon 
chromatography, two fractions were collected and one of them was determined to be the 
directly-linked dimer 118. Based on the 1H NMR spectrum, the other porphyrin was 
believed to incorporate the fragment from the solvent DMF as its meso-substituent, 
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however, no further characterisation was done on this small amount of sample that was 
not of current interest.  
 
 
A larger scale reaction was attempted to repeat Entry 6 of Table 3.3.1, but after 
chromatography, no porphyrinoid compounds were isolated. Another reaction was 
carried out but THF was used as the solvent and only H2DPP 4, anthracene and the 
excess 83 were observed in the 1H NMR spectrum of the crude product. Based on the 
number of unsuccessful attempts with the free base organopalladium porphyrin 117 and 
the experience that our group had with free base porphyrins, it was believed that the 
presence of the inner pyrrolic NHs was one of the contributing factors to the ineffective 
amination reactions. 
 
As the reactions with the dppe complexes were unsuccessful, another bidentate 
diphosphine was tried, using the conditions applied by Bašić.225 He coupled ethyl 
carbazate with nickel(II) 5,10-diaryl bromoporphyrin using Pd(OAc)2, DPEphos, 
Cs2CO3, and THF. The same conditions were applied to 83 except that the reaction was 
done at room temperature. Surprisingly the amination reaction proceeded smoothly and 
the target product 109 was obtained in a relatively high yield of 76 %. It is noteworthy 
that all the reactions attempted so far (Entries 1-8 of Table 3.3.1) were done with freeze-
pump-thaw degassing, but this was not required for the reaction in Scheme 3.3.2. With 
the free base analogue 120 of the bromoporphyrin, the corresponding aminated product 
121 was obtained in 51 % yield.  
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Scheme 3.3.2 Reaction conditions found for the coupling of 83 with bromoporphyrins 116 and 120. 
 
Unfortunately, when H2DAPI2 90 was used as the porphyrin substrate, upon 
chromatography, no porphyrinoid compound was obtained in isolatable yield. This could 
be due to the fact that with two halogens attached on the porphyrins, at least seven 
different aminated products could be formed (Scheme 3.3.3) and thus with small scale 
reactions, the likelihood of isolating characterisable products is low. It was also thought 
that iodoporphyrin might be too reactive compared to its bromo derivative and hence, 
the former substrate tends to be dehalogenated before it can take place in the amination 
reaction. Alternatively, this reaction may involve nucleophilic aromatic substitution and 
hence the bromo derivative would be more suitable. 
 
Back to the amination reaction with nickel bromoporphyrin (Scheme 3.3.2), apart from 
the dehalogenated porphyrin 102 and the target product 109 that was dark red in colour, 
there was a vibrant green band between the two red bands, and from 1H NMR and mass 
spectra, it was identified as the azocarboxylate porphyrin 105. Anthracene was also 
isolated from the column chromatography (colourless - not visible in Figure 3.3.5). 
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Scheme 3.3.3 Seven possible aminated products from the amination of 90 with 83. 
 
The presence of azocarboxylate porphyrin 105 from the amination reaction carried out at 
room temperature suggested that the target aminated product 109 was not very stable. In 
other words, as mentioned before for the diaryl system 108, upon the formation of 109, 
retro-diaza-Diels-Alder reaction took place to yield the corresponding azocarboxylate 
porphyrin 105. Alternatively, the half-hydrolysed hydrazine 83 can undergo the retro-
diaza-Diels-Alder reaction to give 113 and 85 (reaction ii of Scheme 3.3.1) and 113 can 
be aminated with the bromoporphyrin to give 105. However, the likelihood of the latter 
possibility must be very low as the amination reaction was carried out at room 
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temperature. Based on the experience in handling 83, it was considerably more stable at 
room temperature than its analogous fully hydrolysed hydrazine 66, for instance. 
 
Figure 3.3.5 Three bands were observed from the column chromatography of the crude product of 
the amination reaction between 116 and 83 (left). Expansion when the reaction was repeated on a 
larger scale (right). 
 
Hence, a study was carried out where a relatively fresh sample of 109 (contaminated 
with a small amount of 105) was dissolved in CDCl3 and its 1H NMR spectrum was 
recorded daily. Not surprisingly, the amount of 105 and anthracene present in the NMR 
tube increased daily while the amount of the labile aminated porphyrin 109 decreased. 
The trends found for the two porphyrins can be seen in Figure 3.3.6 where the 
proportions of the two porphyrins were based on the integration of their corresponding 
meso-hydrogens. To make sure that there was no external influence, the sample was 
shielded from the light and secured in a tightly-capped NMR tube during the study. 
From this, it is clear that 109 is not stable and it decomposes to the corresponding 
azocarboxylate porphyrin 105 over time via retro-diaza-Diels-Alder reaction.  
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Figure 3.3.6 Decomposition study of 109 where the proportions of the two porphyrins were based on 
the integration of their corresponding meso-hydrogens. 
 
 
Scheme 3.3.4 Mechanism for the formation of azocarboxylate porphyrin 105 from the labile 
aminated porphyrin 109 via retro-diaza-Diels-Alder reaction. 
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3.3.2 Characterisation and 1H NMR Spectra of 5-[10-Ethoxycarbonyl-(9,10-diaza-
9,10-dihydroanthracene)-9-yl]-10,20-diphenylporphyrinatonickel(II) (109) 
and Its Free Base Analogue 5-[10-Ethoxycarbonyl-(9,10-diaza-9,10-
dihydroanthracene)-9-yl]-10,20-diphenylporphyrin (121) and 5-N-
(ethoxycarbonyl)azo-10,20-diphenylporphyrin (122) 
From Figure 3.3.5, it can be seen that the green band (azocarboxylate porphyrin 105) 
and the red band (target aminated porphyrin 109) were really close to each other and so 
109 was always contaminated with a small fraction of 105. Instead of purifying, the 
recrystallisation process can sometimes increase the amount of 105 present due to the 
tendency of 109 to decompose. Nevertheless, 1H NMR spectrum of 109 is shown in 
Figure 3.3.7 with 105 (impurity) marked. The peaks were assigned based on the 2D 
NMR data. It can be seen that some of the signals in the 1H NMR spectrum were broad 
and to understand more about the structure of 109, low temperature 1H NMR 
experiments were done from 21 to -50 °C. As expected, some of the signals became 
broader as the temperature decreased and some peaks split, for example the signals from 
the ethyl group on the anthracene ring, hence low temperature 1H NMR experiments 
were uninformative. High temperature 1H NMR might be useful in sharpening the 
signals, but this cannot be performed as it is known that 109 will just decompose 
completely to 105 and anthracene. Similarly, the 1H NMR spectrum of the free base 
analogue 121 can be seen in Figure 3.3.8 and it is not the cleanest spectrum due to the 
same recrystallisation problem discussed earlier for 109. 
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Figure 3.3.7 1H NMR spectrum of 109 and its assignments.  
 
 
 
Figure 3.3.8 1H NMR spectrum of 121 and its assignments. 
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In addition, 105 was not a novel compound as it was previously synthesised by Esdaile 
et al. via the coupling of bromoporphyrin 116 with ethyl carbazate.170 On the other hand, 
no report can be found in the literature for the free base analogue 122. Furthermore, the 
aforementioned statement for 104 and 105 where one of the β doublets was more 
downfield than the meso singlet was not observed for this free base azocarboxylate 
porphyrin 122 (Figure 3.3.9). Hence, it must be a characteristic for nickel porphyrins 
with azo functional group as this is also observed in nickel azoporphyrin 39.6,111 
 
Figure 3.3.9 1H NMR spectrum of 122 showing only the porphyrin region.  
 
With mass spectrometry, an interesting characteristic was also found with the 
azocarboxylate porphyrin 105. The MS signals were recorded before and after addition 
of formic acid (1 drop into the sample in MeOH (1 mL)). From Table 3.3.3, the 
difference between the mass-to-charge ratio found before and after the addition of 
formic acid was 2. This was because upon addition of formic acid, the azocarboxylate 
porphyrin was reduced to its corresponding hydrazo porphyrin 107, as formic acid can 
act as a reducing agent. 
 
Table 3.3.3 Electrospray Ionisation (ESI) MS assignment for 105. 
Experimental (m/z) Calculated (m/z) Assignment Formic Acid 
619.1393 619.1387 [M+H]+
No 
641.1188 641.1206 [M+Na]+ 
643.1308 643.1363 [M+Na]+ Yes 
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Similarly, deviation of two mass-to-charge units from the calculated value was found for 
the free base analogue 122 when the MALDI measurement was done with the aid of 2,5-
dihydroxybenzoic acid as matrix. Hence, again the azocarboxylate porphyrin was 
reduced to the hydrazoporphyrin. 
 
Table 3.3.4 Matrix-assisted laser desorption ionisation (MALDI) MS assignment for 122. 
Experimental (m/z) Calculated (m/z) Assignment Matrix 
564.3 562.2 [M+H]+ Yes 
 
3.3.3 Crystal Structure of 5-[10-Ethoxycarbonyl-(9,10-diaza-9,10-
dihydroanthracene)-9-yl]-10,20-diphenylporphyrinatonickel(II) (109) 
Single crystals suitable for the use of X-ray structure determination were grown by slow 
diffusion of pentane into a solution of 109 in toluene. Pbca was found to be the space 
group. The inset of Figure 3.3.10 shows the two phenyl groups are nearly orthogonal to 
the plane of the porphyrin. From the anthracene ring perspective, anti arrangement is 
observed for the carbamate and the porphyrin groups. This trend is also observed in all 
the relevant crystal structures so far (Figure 2.3.1, Figure 2.13.1, Figure 2.13.2) and the 
simplest reason for this would be the steric hindrance. In addition, toluene solvate was 
found to occupy the space between pairs of porphyrins and it is disordered over at least 
two positions (modelled with 6:4 ratio). Not only that, there is a large degree of 
rotational disorder in one of the phenyl groups attached to the porphyrin, and two 
positions were modelled at 1:1 ratio and just one of them is shown in Figure 3.3.10. As 
typical for Ni(II)-bound porphyrins, the porphyrin ring is considerably distorted from 
planarity. The deviations of atoms from the mean plane of the C20N4Ni porphyrinoid 
component are largest for the four meso-carbon atoms for which the distances from the 
mean plane are 0.391, 0.358, 0.365 and 0.421 Å. This distortion is generally referred as 
“ruffled” in the literature.232 
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Figure 3.3.10 Crystal structure of 5-[10-ethoxycarbonyl-(9,10-diaza-9,10-dihydroanthracene)-9-yl]-
10,20-diphenylporphyrinatonickel(II) (109) with the inset showing the phenyl groups orthogonal to 
the plane of the porphyrin. 
 
3.3.4 The Fates of 5-[10-Ethoxycarbonyl-(9,10-diaza-9,10-dihydroanthracene)-9-
yl]-10,20-diphenylporphyrinatonickel(II) (109) and Its Free Base Analogue 
5-[10-Ethoxycarbonyl-(9,10-diaza-9,10-dihydroanthracene)-9-yl]-10,20-
diphenylporphyrin (121) 
The coupling of porphyrin with the half-hydrolysed hydrazine 83 was part of the aims 
shown in Scheme 2.10.1 and this has been achieved for both nickel and free base 
porphyrins. The next step of the synthetic route will be to hydrolyse 109 or 121 to give 
the corresponding hydrazine attached to porphyrin. However, based on the sensitivity 
and tendency of 109 and 121 to decompose to their azocarboxylate porphyrins at 
ambient temperature and conditions, it is known that they (109 and 121) will not survive 
the typical hydrolysis condition for ethyl carbamate, in that reflux (at least 80 °C) has to 
be done in ethanolic mixture. Therefore, it was such a disappointment that this part of 
the synthesis cannot be pursued further. Based on the chemistry of 83 in the amination 
reaction, it is almost certain that if the synthesis of 66 can be repeated, the target 
azoporphyrin can be achieved during the amination reaction as the retro-diaza-Diels-
Alder reaction occurs so readily to give azoporphyrin 123 and anthracene.  
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Scheme 3.3.5 Proposed one-pot reaction in making the azoporphyrin 123 from 66 and 
bromoporphyrins. 
 
Therefore, the focus of this research was shifted to the hydrazines obtained from Section 
2.8 and the amination reaction with these hydrazines will be discussed in the next 
section.  
 
3.3.5 Amination between NiDPPBr 116 and Hydrazines 63 and 80 from 1,3-
Cyclohexadiene Series 
Before the structure of N-oxide 71 was identified, this product was always thought to be 
the target hydrazine 63 and hence numerous amination reactions were attempted with 
this compound using the conditions found earlier (Scheme 3.3.2). The reaction course 
was studied by TLC and as soon as the solvent for the reaction was added, the TLC 
showed a new spot and over time a second spot was apparent. With this observation, it 
was thought that the amination reaction was working as 2:1 ratio of porphyrin: 
“hydrazine” was used and so the first spot formed could be the hydrazine with one 
porphyrin attached 124, while the second spot that was formed later might be the 
corresponding bicyclic compound with two porphyrins attached (125).  
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Upon chromatography, two main fractions were obtained where both of them contained 
significant amount of unreacted starting material, NiDPPBr 116, with several other 
porphyrins in small proportions. However, in the second main fraction, extremely broad 
peaks were also observed and it was thought that this must be an interesting compound 
to possess such a broad spectrum, perhaps due to steric hindrance. After a second 
column, it was found that the compound was still in a relatively impure state but the 
broadness of the spectrum is clearly illustrated in Figure 3.3.11, where the typically 
sharp meso or β-hydrogen signals were not seen at all. The structure of this compound 
cannot be deduced as no information can be obtained from the meso or β-hydrogens. On 
the other hand, it is known that this compound cannot be either 124 or 125 as no peaks 
that correspond to the bicyclic part of the molecules can be found in the 1H NMR 
spectrum. At the same time, it was noticed that there was a relatively sharp signal at 
around 6.9 ppm. Based on the chemical shift of this peak and the chemistry of the 
previously mentioned compounds, it was thought that perhaps retro-diaza-Diels-Alder 
reaction occurred upon the formation of 125 and gave the corresponding azoporphyrin 
123 and this might be reduced to give the hydrazoporphyrin dimer 126 where the 1H 
NMR signal at 6.9 ppm can be assigned to the NH protons. 
 
At the same time, low temperature 1H NMR experiments on this compound were carried 
out and from Figure 3.3.12, it can be seen that the signals of the compound sharpened 
dramatically when the temperature was decreased. At -50 °C, the typical proton signals 
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of a porphyrin can be seen. From the multiplicity, it is known that this compound is a 
monosubstituted porphyrin.  
 
Figure 3.3.11 1H NMR spectrum of the unknown compound showing just the porphyrin region with 
all the impurities marked.  
 
 
 
It was thought that if the unknown compound were hydrazoporphyrin dimer 126, 
addition of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) to this porphyrin should 
yield the target azoporphyrin 123. However, instead of the azoporphyrin, another novel 
porphyrin dimer was isolated and this will be further discussed later in this section. 
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Back to the unknown compound, from the outcome of its reaction with DDQ and the 1H 
NMR signal at 6.9 ppm, it was subsequently proved to be the novel hydroxyporphyrin 
127, as explained in the following pages.  
 
 
Figure 3.3.12 Low temperature 1H NMR experiments of the unknown compound recorded in CDCl3 
from 15 °C to -50 °C. 
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The formation of hydroxyporphyrin 127 from the “amination” reaction was due to the N-
oxide 71 (that was initially thought to be the target amine 63) not being a nucleophile. In 
order to ascertain if the formation of hydroxyporphyrin 127 can be achieved without the 
presence of N-oxide 71, the latter was omitted from the reaction and not surprisingly, 
hydroxyporphyrin 127 was again isolated. Caesium carbonate was believed to provide 
the nucleophile for the reaction.111 The catalytic cycle for the formation of 
hydroxyporphyrin through a carbonate intermediate was proposed by Esdaile, as shown 
in Figure 3.3.13.111  
 
Figure 3.3.13 Palladium-catalysed cycle for the formation of the hydroxyporphyrin proposed by 
Esdaile.111 
 
After several reactions under different conditions, it was found that the reactions were 
not as efficient if the Schlenk tube was not evacuated and refilled with argon or if the 
starting materials and reagents were not dried under vacuum for sufficient time. Upon 
optimisation, the hydroxyporphyrin 127 was obtained in 41 % crude yield. It was found 
that this compound was particularly different to its analogous hydroxyporphyrin 128 
where the latter was obtained in 79 % recrystallised yield, although it should be 
mentioned that a different phosphine ligand was used in the synthesis.111 The 
hydroxyporphyrin 127 with an unoccupied meso-position was definitely making the 
difference as it was found that this compound smeared severely on column 
chromatography and no solvent mixtures found so far were able to crystallise it into 
even powder form, let alone the beautiful crystals 128 yielded, which were X-ray 
crystallography standard.105  
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For the analogous hydroxyporphyrin 128, its structure was identified by 1H NMR but 
this required the addition of hydrazine hydrate or derivatisation.105 The extremely broad 
1H NMR signals exhibited by hydroxyporphyrin 127 were due to a paramagnetic radical 
species in the sample. Esdaile found that upon standing 128 overnight in the presence of 
hydrazine hydrate, the spectrum sharpens noticeably due to the ability of hydrazine 
hydrate to quench the radical species.111 Unfortunately, the hydroxy OH peak was not 
observed due to its exchange with the hydrazine hydrate. As in Figure 3.3.12 however, 
the 1H NMR signals of the hydroxyporphyrin 127 sharpen as the temperature decreases 
and the presence of OH peak can still be observed. The identity of 127 was further 
confirmed by D2O exchange NMR experiments shown in Figure 3.3.14.  
 
Figure 3.3.14 1H NMR spectra of 127 before addition of D2O (bottom) and after D2O exchange (top). 
 
The presence of paramagnetic radical species was also verified by Electron 
Paramagnetic Resonance (EPR) measurements shown in Figure 3.3.15. When the same 
sample was measured at -50 °C, the profile of the paramagnetic radical species observed 
at room temperature disappeared. This indicates that instead of the radical 129 shown in 
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Scheme 3.3.6, it was mainly hydroxyporphyrin at -50 °C. This observation corresponds 
to the low temperature 1H NMR experiments of hydroxyporphyrin 127 illustrated in 
Figure 3.3.12, where at -50 °C the amount of free radical species diminished the 
spectrum sharpened. To take the EPR characterisations further, the sample was also 
treated with excess hydrazine, and even at room temperature and the presence of 
paramagnetic radical species can no longer be detected. 
 
Figure 3.3.15 EPR measurements of NiDPPOH 127 in toluene at room temperature, -50 °C and with 
the addition of excess hydrazine. 
 
 
Scheme 3.3.6 The oxidation of hydroxyporphyrin to give the oxygen-centered free radical. 
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In addition, acetylation of 127 with acetic anhydride in pyridine to give the 
corresponding ester 130 was also carried out to authenticate the identity of 
hydroxyporphyrin (Scheme 3.3.7). Both the hydroxyporphyrin 127 and acetylated 
porphyrin 130 were characterised spectroscopically. 
 
Scheme 3.3.7 Acetylation of 127 with acetic anhydride in pyridine. 
 
The absorption spectra of the hydroxyporphyrin 127 and acetylated porphyrin 130 are 
illustrated in Figure 3.3.16.  The tiny peak shown in the inset of Figure 3.3.16 indicates 
the presence of the radical species and upon acetylation, it was found to disappear. The 
same observation was found for the analogous hydroxyporphyrin 128.111 Small 
variations in solution conditions affect the degree of auto-oxidation and the intensity of 
the peak at around 800 nm varies in different samples.111,233 In 1993, Balch and co-
workers managed to form the radical species of nickel hydroxyl OEP 131 upon addition 
of iodine. This was proved by the escalating intensity of the band for the radical centered 
at 825 nm.233  
 
 
During the preparation of MS sample of 127, it was found that the red colour changed to 
green upon addition of methanol. However, no MS signal was found and a second 
attempt was trialled with the addition of formic acid and the colour of the solution 
changed from green back to red and this can be clearly seen in Figure 3.3.17. Although 
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no MS signals were obtained at both attempts, it was believed that MeOH was 
coordinating to the hydroxyporphyrin 127 to give a six-coordinate Ni(II) complex which 
could be causing the green colour (Figure 3.3.17, left). The colour change of green back 
to red upon addition of formic acid might due to the ability of formic acid to protonate 
129 shown in Scheme 3.3.6 and its reducing ability to donate electron to 132 to reform 
hydroxyporphyrin that is red. The MS signal of 127 was later obtained with MALDI. 
 
Figure 3.3.16 The absorption spectra of the hydroxyporphyrin 127 with the peak around 800 nm 
amplified (inset) and the acetylated porphyrin 130.  
 
     
Figure 3.3.17 Addition of formic acid to the hydroxyporphyrin 127 in MeOH (green, left) changed 
the solution back to red (orange due to high dilution, right). 
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Hydroxyporphyrin 127 also gave interesting and different absorption spectra in different 
solvents, as shown in Figure 3.3.18 and Figure 3.3.19.  
 
Figure 3.3.18 The UV/vis measurements of NiDPPOH 127 in different solvents showing the region 
from 350-750 nm. 
 
In Figure 3.3.18, for both the samples in 8 and 80 % MeOH, no significant shift can be 
observed for the Soret bands compared to the spectrum in DCM. However, with the 
sample in 8 % pyridine, the Soret band was broadened and red-shifted and these changes 
were more profound with the sample in 80 % pyridine. Not only that, there was a large 
red shift of the Q bands to about 670 nm for both the samples in pyridine and the shift 
was more significant with higher concentration of pyridine. This shift presumably 
resulted from the coordination of pyridine to the central nickel atom and as expected, the 
coordination was more significant with more pyridine present. In addition, the band due 
to the radical species was most obvious in the sample in 8 % pyridine as shown in Figure 
3.3.19 but the sample in 80 % pyridine had almost the same amount of radical as the rest 
of the solvents. It is not clear why this was the case. Nevertheless, the coordination of 
pyridine was definitely changing the colour of the porphyrin from red to green (Figure 
3.3.20). 
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Figure 3.3.19 The UV/vis measurements of NiDPPOH 127 in different solvents showing the region 
from 500-950 nm. 
 
 
Figure 3.3.20 Hydroxyporphyrin 127 in DCM (red, left) and in 80 % pyridine stored over KOH 
(green, right). 
 
Before the identity of hydroxyporphyrin 127 was discovered, it was thought to be 126 
and hence its reaction with DDQ might have yielded the target azoporphyrin 123. Of 
course, it did not turn out to be the case as clearly the porphyrin starting material was the 
hydroxyporphyrin 127. Instead, a novel dioxo dimer 133 was obtained from the DDQ 
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reaction. In addition to the dimer 133, the analogous monomer 134 was also obtained 
(Scheme 3.3.8).  
 
Scheme 3.3.8 Reaction of hydroxyporphyrin 127 with DDQ to yield two dioxoporphyrins (133 and 
134) with crude yields shown. 
 
Esdaile attempted the synthesis of dioxoporphyrin 134 by the route shown in Scheme 
3.3.9 but with no success.111 The syntheses of various dioxoporphyrins analogous to 134 
were carried out by several research groups using thallium trifluoroacetate.234-237 It was 
found by Chinese authors107 in 2009 that FeCl3·6H2O can replace the highly toxic and 
expensive thallium salt and recently another report238 was published that showed 
PbO2/AcOH can also be used to synthesise dioxoporphyrins. Meanwhile, another facile 
synthesis of dioxoporphyrin that requires the readily available (DDQ) reagent was found 
in this project.  
 
Scheme 3.3.9 Attempted synthesis of dioxoporphyrin 134 by Esdaile.111 
 
The UV/vis spectrum of 133 exhibits very similar spectral features to the structurally 
comparable compound 135 reported by Anderson and co-workers.239,240 
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 Figure 3.3.21 shows the comparison of UV/vis spectra between the hydroxyporphyrin 
starting material 127 and the dioxoporphyrin dimer 133 and it illustrates the remarkable 
increase in conjugation accompanying quinoidalisation. In other words, with the dimer 
133, its Soret band was significantly broadened and split. Not only that, the Q bands 
were red-shifted and intensified compared to the ones of hydroxyporphyrin 127. The 
dimer 133 was also characterised spectroscopically by NMR (Figure 3.3.22) and MS 
(MALDI). The distinctive feature of the two quinoidal porphyrins (133 and 134) is the 
upfield shift of the β-hydrogen signals to around 6-7 ppm shown clearly in Figure 
3.3.22. 
 
Figure 3.3.21 The UV/vis measurements of NiDPPOH 127 and O=NiDPP=NiDPP=O 133. 
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Figure 3.3.22 1H NMR spectra of NiDPPOH 127 at -50 °C (top), O=NiDPP=O 134 (middle) and 
O=NiDPP=NiDPP=O 133 (bottom). 
 
Regarding the synthesis of dioxoporphyrin dimer 133, similar reaction can be found in 
the literature where the hydroxyporphyrin 131 synthesised by Balch and co-workers can 
oxidise to produce a bis(pyridine) coordinated radical species, which dimerises in 
solution to give the directly-linked porphodimethene 136.233,241,242 The presence of the 
ethyl groups next to the bridge precludes the dehydrogenation to the analogue of 133. 
 
 
Anderson and co-workers have also managed to synthesise the triply-linked quinoidal 
dimer 137 from the previously mentioned singly-linked dimer 135 using the standard 
conditions developed by Osuka, namely the use of scandium(III) triflate with 
DDQ.240,243 Hence, the same methodology was attempted with the dioxoporphyrin dimer 
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133 as shown in Scheme 3.3.10. However, after reflux for 3 days, no conversion of the 
starting material was detected. 
 
 
 
Scheme 3.3.10 Attempted synthesis of triply-linked dioxoporphyrin dimer 138 from the singly-
linked dioxoporphyrin dimer 133. 
 
3.3.6 Alternative Nucleophile in the Amination Reaction 
As the amination reaction was working efficiently with the half-hydrolysed hydrazine 83 
from the anthracene series, the same conditions were trialled using 1,2-
dicarbethoxyhydrazine 139 as the nucleophile. However, no target product was isolated 
in both the free base and nickel cases. Upon chromatography, hydroxyporphyrin 127 
was isolated as the main product, presumably due to the 1,2-dicarbethoxyhydrazine 
being a poor nucleophile. Alternatively, the hydrazine might be oxidised to the 
corresponding azodicarboxylate before it was able to be coupled with the 
bromoporphyrin. 
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Scheme 3.3.11 Attempted amination with 1,2-dicarbethoxyhydrazine 139 as nucleophile.  
 
It is also worth mentioning that from all the amination reactions carried out so far in 
Sections 3.3.5 and 3.3.6, both the dehalogenated porphyrin, NiDPP 102 and its directly-
linked dimer, NiDPP-NiDPP 119 were always detected. For these compounds, the 1H 
NMR data can be found in Section 4.1.25 and 4.1.26. The qualitative UV/vis spectrum 
of 119 can be seen in Figure 3.3.23. As expected for a dimer, the Soret band is split and 
broadened, as is well documented for many analogous dimers.243 
 
Figure 3.3.23 Qualitative UV/vis measurement of NiDPP-NiDPP 119. 
 
Not all the planned reactions occurred as desired, but the unexpected isolation of N-
oxide (Chapter 2) led to the discovery of a new hydroxyporphyrin and certainly revealed 
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characterisation of the novel dioxoporphyrin dimer 133. To summarise the observations 
up to this point of the project, it was revealed that the fully-hydrolysed hydrazine 66 
from the anthracene series was too thermally sensitive to be viable. Fortunately, the 
analogous half-hydrolysed hydrazine 83 was not as labile as 66, and its amination 
reaction with bromoporphyrins worked magnificently. However, the resulting 
anthracene-aminated porphyrin adducts 109, 121 proved to be too thermally sensitive to 
survive in further reactions. Therefore, the focus was shifted to the hydrazines obtained 
from the1,3-cyclohexadiene series. 
 
3.3.7 Characterisation and 1H NMR Spectrum of 5-[3-Ethoxycarbonyl-(2,3-
diazabicyclooct-5-ene)-2-yl]-10,20-diphenylporphyrinatonickel(II) (140) 
By applying the conditions found earlier (Scheme 3.3.2), the half-hydrolysed hydrazine 
80 obtained from the 1,3-cyclohexadiene series was used as the nucleophile in the 
amination reaction. The corresponding target aminated porphyrin 140 was obtained 
(Scheme 3.3.12). However, the reaction required longer time and a crude yield of 20 % 
was obtained. Compared to 109 where a recrystallised yield of 76 % was obtained, 140 
was only obtained in 5 % after recrystallisation. Hydroxyporphyrin 127 was found to be 
the major side product of this reaction and the presence of unreacted starting material, 
NiDPPBr 116 was still observed after 2 days of stirring. No optimisation on the reaction 
conditions was carried out for this reaction and perhaps the application of heat could 
improve the outcome of this reaction. However, this was not done as it was thought the 
decomposition of NiDPPBr 116, to the dehalogenated porphyrin, NiDPP 102 was more 
likely to happen, as the latter product was detected even when just stirring at room 
temperature. 
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Scheme 3.3.12 Amination reaction between NiDPPBr 116 and half-hydrolysed hydrazine 80 from 
1,3-cyclohexadiene series.  
 
Unfortunately, upon recrystallisation, NiDPPOH 127 was still found to contaminate the 
sample of 140. Due to the smearing behaviour of NiDPPOH 127 on column 
chromatography, it cannot be separated from the target aminated porphyrin 140. Even 
so, the 1H NMR spectrum of 140 can be seen in Figure 3.3.24. The peaks were assigned 
based on the 2D NMR data. It was also characterised by MS and UV/vis spectroscopy. 
Several attempts were made to grow the single crystals of 140 for X-ray crystallography, 
however no success was achieved due to the tendency of 140 to aggregate as clumps of 
crystals. In addition, due to the insignificant amount of 140 obtained, the focus was then 
turned to the amination reaction of the fully-hydrolysed hydrazine 63 with 
bromoporphyrins.  
 
Figure 3.3.24 1H NMR spectrum of 140. 
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As mentioned in Section 2.8, two amination reactions shown in Scheme 2.8.2 were 
carried out as soon as the fully-hydrolysed hydrazine 63 was isolated. The two reactions 
differed such that one was carried out with excess hydrazine where the other was with 
limited hydrazine. The reason for doing the reaction with excess hydrazine even though 
the product of interest 142 was actually the one from limited hydrazine, was simply due 
to the extremely high tendency of hydrazine to decompose before its coupling with 
porphyrin can be achieved (Scheme 3.3.13). In other words, from the observations and 
experiences encountered, it is known for sure that the hydrazine will decompose and this 
problem will be intensified with limiting amount of hydrazine present (about 2.1 mgiv) in 
the reaction medium as the intended amination reaction obviously will not be successful 
with no nucleophile present.  
 
Scheme 3.3.13 Two different amination reaction conditions.  
 
As expected, the reaction shown in Scheme 3.3.13 with limited hydrazine did not yield 
the target dimer 142. From TLC, instead of 142, hydroxyporphyrin 127, unreacted 
starting material, NiDPPBr 116, dehalogenated starting material, NiDPP 102 and 
directly-linked dimer, NiDPP-NiDPP 119 were found. This result was the same as the 
one obtained from the “amination reaction” with N-oxide 71. In other words, with 
                                                 
iv It is known that the reaction can be scaled up to have larger amount of hydrazine and still keep it as the 
limiting reagent. However, this could not be done due to the big difference in molecular masses of the two 
starting materials, which would require a large amount of porphyrin. 
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limited hydrazine, the result was the same as if no nucleophile was present. This was 
simply due to the decomposition of the hydrazine.  
 
On the other hand, the reaction with excess hydrazine was stopped after 4 hours of 
stirring at room temperature because from TLC monitoring, the porphyrin starting 
material was fully consumed. The 1H NMR spectrum of the crude product was recorded 
and a few different porphyrins can be seen (bottom spectrum of Figure 3.3.25).  
 
Figure 3.3.25 1H NMR spectra of the crude product obtained from the amination reaction with 
excess hydrazine 63 recorded at different times. The assignments were achieved based on the COSY 
and NOESY spectra where the signals from porphyrin A and B are blue and green respectively, and 
NiDPP is shown as red. 
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The 1H NMR spectrum of the crude sample was also recorded periodically as listed in 
Figure 3.3.25 before separation using column chromatography. The NMR sample was 
shielded from the light and secured in a tightly-capped NMR tube during the monitoring. 
It can be seen that over time, the signals resulting from NiDPP 102 (coded in red in 
Figure 3.3.25) increase in proportion while porphyrins A and B decrease in their signals. 
After four days of monitoring, it was decided to carry out a separation by column 
chromatography using a pipette and the NMR sample. Unfortunately, porphyrin A 
decomposed completely (apparently to NiDPP 102) as shown in the top spectrum of 
Figure 3.3.25. It was then decided to use another mini-column to separate NiDPP 102 
from porphyrin B. However, each fraction isolated contained NiDPP 102 and no 
evidence of porphyrin B was detected at all (Scheme 3.3.14). 
 
Scheme 3.3.14 Conclusion from the amination amination reaction with excess hydrazine 63. 
 
In theory, the reaction shown in Scheme 3.3.13 with excess hydrazine should yield 141. 
However, this compound was not detected by either 1H NMR or MS. If retro-diaza-
Diels-Alder reaction occurred however, compound 143 might be formed (Scheme 
3.3.15). 
 
Scheme 3.3.15 Proposed formation of 143 resulting from the retro-diaza-Diels-Alder reaction of 141.  
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From Figure 3.3.25, one interesting characteristic about porphyrin A was regarding its β 
signal downfield from its meso-signal. As mentioned before, this is a distinguishing 
feature of nickel porphyrins with azo functional groups. Therefore, 143 might be one of 
the possible candidates for porphyrin A. On the other hand, the presence of one β signal 
at about 8.30 ppm (relatively far upfield) suggests the presence of cofacial porphyrins, 
where two rings of a dimer are face-to-face. Therefore, if both of these criteria are taken 
into consideration, porphyrin A could be a cis-azoporphyrin 144. However, the problem 
is never so trivial as one would think that due to the steric hindrance, it is likely for the 
cis-azoporphyrin to isomerise to its trans-form and form a stable structure. 
Unfortunately, as explained before, the compound decomposed completely before any 
further characterisation could be done. If porphyrin A was indeed cis-azoporphyrin 144, 
it is not clear how it decomposes to NiDPP 102.  
 
 
On the other hand, a quick glance at Figure 3.3.25 might suggest porphyrin B has one 
meso and two β signals and this in turn supports compounds similar to NiDPP 102. 
However, the chemical shifts of these signals did not correspond to NiDPP 102, H2DPP 
4 or even PdDPP 103. Careful analysis of the 1H NMR spectrum revealed that the signal 
at about 9.6 ppm might not be a meso-hydrogen and thus porphyrin B could be 145 or 
146 resulting from retro-diaza-Diels-Alder reactions of 147 or 148 shown in Scheme 
3.3.16. Precedents of similar amination reactions can be found in the literature. For 
example, the synthesis of 34 was done through a bis-amination with the presence of only 
one bromo substituent in the porphyrin starting material.170 Thus, the double activation 
of an opposite meso position is not peculiar. In addition, examples can be found where 
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cyclisation occurred in porphyrins 58 resulting in porphyrins bearing fused rings 149.173 
When the crude sample was used to obtain the MS spectrum, no signals that correspond 
to the above proposed structures were found. This might again due to the extreme 
sensitivity of these compounds. Regrettably, as for porphyrin A, porphyrin B was also 
too labile to be characterised and studied. 
 
 
Scheme 3.3.16 Proposed structures for porphyrin B and their origins.  
 
In summary, the hydrazine 63 is just too thermally sensitive to capture efficiently in the 
amination reaction and similarly this applies to the porphyrin adducts where they are not 
stable enough to be characterised. 
 
 
                    
154 | P a g e  
 
4 Experimental  
4.1 General 
All experimental work carried out at the Queensland University of Technology, 
Brisbane, Australia. 
 
All solvents were Analytical Reagent grade, unless otherwise stated. Ethanol (95%), 
THF and diethyl ether were freshly distilled prior to use. THF was distilled under argon 
from sodium wire and benzophenone. Pyridine was stored over KOH. Analytical thin-
layer chromatography (TLC) was performed on Merck Silica Gel 60 F254 TLC plates. 
Preparative column chromatography was performed on Merck 63μm 230-400 mesh 
silica gel.  
 
Starting porphyrins H2DAP 5, H2DPPBr 120 and organopalladium porphyrin 117 were 
available from previous students in our laboratory. 
 
1H and 13C NMR experiments were carried out on Avance Bruker 400 spectrometer 
from Bruker-Biospin, Germany at 400 MHz for hydrogen, using a QNP 5 mm probe, or 
a Varian DirectDrive spectrometer operating at 400 MHz for hydrogen made by Agilent, 
USA, using an AutoX ID PFG 5 mm probe. N-oxide sample was measured with Bruker 
Avance III operating at 900 MHz for hydrogen, using a 5 mm cryoprobe. All samples 
were prepared in CDCl3 unless otherwise stated. Coupling constants were given in Hz. 
The chemical shifts are reported in ppm referenced against the residual chloroform 
(CHCl3) peak at 7.28 ppm. 
 
High Resolution Electrospray Ionisation (ESI) mass spectra were recorded with Kronos-
G6520B QTOF mass spectrometer using a flow rate of 0.4 mL/min and MeOH as eluent 
unless otherwise stated. Source temperature at 325 °C and capillary voltage at 4.0 kV 
were employed. Solvent aspiration was accomplished by nitrogen gas flowing at 5 
L/min. 
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Elemental analyses were performed by LECO TruSpec Micro instrument running at a 
furnace temperature of 1050 °C and employing ultra high purity helium as the carrier 
gas. Samples were dried at room temperature under vacuum and the instrument was 
calibrated with acetanilide. 
 
IR spectra were collected using a Nicolet 5700 Attenuated Total Reflectance Fourier 
Transform Infrared (ATR- FTIR) system equipped with a diamond internal reflection 
element. 
 
UV/visible spectra were recorded with Agilent Cary 60 instrument or Shimadzu UV 
spectrophotometer in DCM unless otherwise stated. 
 
Single crystal X-ray diffraction data were collected for 61, 62, di-tert-butyl 
azodicarboxylate, 82, 83 and 109 at 173(2) K under the software control of CrysAlis 
CCD244 on an Oxford Diffraction Gemini Ultra diffractometer using Mo-Kα radiation 
generated from a sealed tube. Data reduction was performed using CrysAlis RED.244 
Multi-scan empirical absorption corrections were applied using spherical harmonics, 
implemented in the SCALE3 ABSPACK scaling algorithm, within CrysAlis RED244 and 
subsequent computations were carried out using the WinGX-32 graphical user 
interface.245 The structures were solved by direct methods using SIR97246 and refined 
with SHELXL-97.247 Full occupancy non-hydrogen atoms were refined with anisotropic 
thermal parameters. C-H hydrogen atoms were included in idealised positions and a 
riding model was used for their refinement. All the X-ray diffraction data were collected 
and analysed by Mr Michael Pfrunder. 
 
Differential Scanning Calorimetry (DSC) thermograms were carried out on a TA 
Instruments (New Castle, DE, USA) DSC-100 under a nitrogen flow of 50 mL/min. 
Sealed aluminium hermetic pans containing approximately 1.5 mg of sample were used 
in each case. Thermograms were recorded in the range of 25-300 °C with a heating rate 
of 2 °C/min. 
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For ultraviolet source, a high pressure HBO 200W mercury arc lamp delivering main 
radiation at 365 nm was employed. The lamp bulb was from Osram. 
 
All the melting point measurements were done with Gallenkamp melting point apparatus 
and the thermometer was calibrated. 
 
All electron paramagnetic resonance (EPR) measurements were carried out with 
Magnettech miniscope MS400 (Freiberg Instrument, Germany), operating in the X-
band, 9.3-9.55 GHz. The sample used was 1.644×10-3 M dissolved in toluene. 
 
Matrix-assisted laser desorption ionisation (MALDI) spectra were measured at 
University of Queensland, Brisbane. Analysis was performed with an Applied 
Biosystems Voyager-DE STR BioSpectrometry workstation. The instrument was run in 
positive polarity in reflectron mode for analysis. Samples in toluene were spotted on a 
stainless steel sample plate with 2,5-dihydroxybenzoic acid (10 mg/mL) in methanol as 
matrix and allowed to air-dry. Data from 100 laser shots (337 nm laser) were obtained, 
signal-averaged and processed with the instrument manufacturer’s Data Explorer 
software.  
 
4.1.1 2,3-Dicarb-t-butoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (61) 
 
This synthesis was modified from the procedure developed by Askani.116 An oven-dried 
quartz flask was evacuated and refilled with argon 3 times before cyclohexane (50 mL) 
was added. Di-tert-butyl azodicarboxylate (0.80 g, 3.46×10-3 mol) was added and 
stirring was commenced. The solution was degassed by bubbling with argon for 10 
minutes before 1,3-cyclohexadiene (0.38 mL, 3.99×10-3  mol) was added dropwise. The 
reaction mixture was then irradiated with UV source with stirring for 24 hours. Reaction 
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progress was monitored by TLC using EtOAc: hexane (1:3) and with phosphomolybdic 
acid (PMA) dip. Solvent was evaporated by rotary evaporator and the crude mixture was 
purified by column chromatography (EtOAc: hexane; 1:3) to yield milky white solid 
product, m.p. 91-93 °C (0.39 g, 36 %). Only 0.32 g (40 %) of di-tert-butyl 
azodicarboxylate was consumed. 1H NMR:  6.53-6.47 (2 H, br m, vinyl-CH); 4.82-4.75 
(2 H, br m, ring-CH); 2.09-1.95 (2 H, br m, bridge-CH2); 1.46-1.41 (18 H, 2 s, tBu-CH3); 
1.26-1.16 (2 H, br m, bridge-CH2). 13C NMR:  157.1, 155.5 (C=O); 134.7, 132.2 
(vinyl-CH); 81.1, 80.8 (tBu-C(CH3)3); 50.4, 49.1 (bridgehead CH); 28.2, 28.1 (tBu-CH3); 
24.1, 23.1 (bridge-CH2); 20.3 (tBu-CH3). IR  (cm-1) 1693 (C=O). MS calculated: 
333.1790 [M+Na]+. Found: 333.1796 [M+Na]+. This compound is reported by Rousselle 
et al. however there is no mention of characterisation data.182 
 
4.1.2 2,3-Diazabicyclo[2.2.2]-oct-5-ene (63) 
 
Bis(carbamate) 61 (50.2 mg, 1.62×10-4 mol) was added to a round-bottom flask and it 
was evacuated and refilled with argon 3 times before DCM (4 mL) and TFA (1 mL) 
were added. The reaction mixture was stirred at room temperature for 4 hours before the 
solvent was evaporated to dryness using rotary evaporator.  DCM (1 mL) was added to 
the crude product with swirling and solvent was evaporated (repeated twice more) and 
dark yellow solid was observed. The resulting solid was treated with DCM (10 mL) and 
NaOH (0.30 mL, 5 M) with swirling. Na2CO3 was added to the mixture to remove the 
small amount of aqueous layer. The organic layer was evaporated using rotary 
evaporator to yield yellow solid (14.0 mg, 78 % crude). NMR: Please refer to Section 
4.1.5. MS calculated: 111.0917 [M+H]+. Found: 111.0921 [M+H]+. This compound is 
reported in Askani’s paper, however no NMR data were provided.116  
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4.1.3 Di-tert-butyl 1-(2,5-cyclohexadien-1-yl)hydrazine-1,2-dicarboxylate (62)  
N
N
H
O
O
O
O
62  
1,3-Cyclohexadiene (1.6 mL, 0.017 mol) was added dropwise to di-tert-butyl 
azodicarboxylate (2.30 g, 9.97×10-3 mol) and toluene (8 mL) in a round-bottom flask and 
stirred for 30 minutes. The reaction mixture was kept at room temperature for several 
days under air until it was colourless. The solvent was evaporated by rotary evaporator 
and the resulting light yellow oil was dried under high vacuum to yield milky white solid 
product, m.p. 122-128 °C (2.97 g, 96 %). 1H NMR:  6.10 (1 H, s, NH); 5.95- 5.54 (4 H, 
br m, vinyl-CH); 5.31 (1 H, br s, ring-CH); 2.70-2.52 (2 H, m, CH2); 1.47-1.42 (18 H, 2 
s, tBu-CH3). 13C NMR:  155.6, 154.9 (C=O); 130.0, 128.4, 123.9, 123.3 (vinyl-CH); 
81.0, 80.5 (tBu-C(CH3)3); 51.0, 50.6 (ring-CH);  28.2, 28.1 (tBu-CH3); 25.9 (ring-CH2). 
IR  (cm-1) 3278 (N-H) 1735, 1670 (C=O). Anal. calc. for C16H26N2O4: C, 61.91; H, 
8.44; N, 9.03. Found: C, 61.84; H, 8.41; N, 9.15. MS calculated: 333.1790 [M+Na]+. 
Found: 333.1790 [M+Na]+. No comparison can be done for the NMR data with those 
reported by Errasti et al. as a different solvent was used and the m.p. given was found to 
be 129-130 °C248. 
 
4.1.4 2,3-Dicarbethoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (47) 
 
Diethyl azodicarboxylate (0.58 mL, 3.70×10-3 mol) and 1,3-cyclohexadiene (0.38 mL, 
3.99×10-3  mol) were used. Experimental methods were the same as in Section 4.1.1 
except that the reaction mixture was irradiated with UV source for 3 days and reaction 
progress was monitored by TLC using ethyl acetate: n-hexane (2:1) and with PMA dip. 
                    
159 | P a g e  
 
The crude mixture was purified by column chromatography (EtOAc: hexane; 2:1) to 
yield colourless liquid (0.73 g, 77 %). 1H NMR:  6.56-6.49 (2 H, m, vinyl-CH); 4.85-
4.82 (2 H, m, bridgehead CH); 4.28-4.09 (4 H, m, CH2); 2.07-1.94 (2 H, m, bridge-
CH2); 1.56 (1 H, dt, J 3.0, 11.5, bridge-CH2); 1.25-1.20 (7 H, m, bridge-CH2 + CH3). 
These data agree with those predicted from SCF GIAO Magnetic Shielding calculation. 
13C NMR:  158.6, 157.0 (C=O); 134.8, 132.0 (vinyl-CH); 62.4, 62.1 (CH2); 50.3 
(bridgehead CH); 23.5, 20.1 (bridge-CH2); 14.6, 14.4 (CH3). IR  (cm-1) 1694 (C=O). 
MS calculated: 277.1164 [M+Na]+, 255.1345 [M+H]+. Found: 277.1164 [M+Na]+, 
255.1347 [M+H]+. 1H NMR data agree relatively closely with those previously recorded 
at 60 MHz and in CCl4 as solvent.116,126,130,131 
 
4.1.5 2,3-Diazabicyclo[2.2.2]-oct-5-ene (63) 
 
Bis(carbamate) 47 (0.43 g, 1.69×10-3 mol) was added to a pear-shaped flask and 
potassium hydroxide in 95 % ethanol (6.20 mL, 2 M) was added. The reaction mixture 
was refluxed at 85 °C with stirring for 7 hours. The yellow solid was removed by 
vacuum filtration and washed with DCM. Filtrate (EtOH and DCM) was evaporated 
using rotary evaporator and yielded colourless viscous oil. The resulting oil was dried 
under high vacuum for a short period of time until white solid (or faintly yellow) was 
observed. The crude solid was dissolved in ether (20 mL) and the solution was filtered 
through a funnel with cotton wool leaving behind the undissolved excess base. The 
solution was then evaporated using rotary evaporator followed by high vacuum to yield 
white or faintly yellow solid (51.2 mg, 27 %). 1H NMR:  6.46 (2 H, dd, J 4.4, 3.2, 
vinyl-CH); 3.57 (2H, br m, bridgehead CH); 3.16 (br s, NH); 1.89-1.83 (2 H, m, bridge-
CH2); 1.41-1.35 (2 H, m, bridge-CH2). Integral of NH was not reported as it changes 
with concentration. 13C NMR:  133.2 (vinyl-CH); 47.6 (bridgehead CH); 24.9 (bridge-
CH2). IR  (cm-1) 3202 (v br, N-H). MS calculated: 111.0917 [M+H]+. Found: 111.0937 
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[M+H]+. This compound is reported in Askani’s paper, however there is no mention of 
NMR data.116 See Section 2.8 for all the oxygen exclusion precautions taken. 
 
4.1.6 2,3-Dibenzoyl-2,3-diazabicyclo[2.2.2]-oct-5-ene (81) 
 
Fresh hydrazine 63 (18.6 mg, 1.68×10-4 mol) in DCM was added to a round-bottom flask 
and the solvent was evaporated under high vacuum without exposure to air. All the 
solvents were degassed thoroughly before use. NaOH (10 %, 0.35 mL) was added to the 
hydrazine and the reaction mixture was maintained at 0 °C before benzoyl chloride (0.14 
mL) was added dropwise. The reaction mixture was then stirred at 0 °C for 4 hours. It 
was extracted with CHCl3 (2 ൈ	5 mL) and the organic layer was dried with Na2CO3 to 
yield light yellow oil with the presence of milky white solid. The residue was then 
washed with cold pentane to remove the yellow oil (excess benzoyl chloride) as much as 
possible, leaving behind the white solid. No percentage yield was calculated due to the 
partial decomposition of hydrazine during the drying process (before the experiment was 
started). 1H NMR:  7.72-7.38 (10 H, br m, Ar-H); 6.77-6.36 (2 H, br m, vinyl-CH); 
5.62 (1 H, br s, bridgehead CH); 4.70 (1 H, br s, bridgehead CH); 2.44-2.20 (2 H, br m, 
bridge-CH2); 1.62-1.48 (2 H, br m, bridge-CH2). MS calculated: 341.1260 [M+Na]+, 
659.2629 [M2+Na]+. Found: 341.1254 [M+Na]+, 659.2612 [M2+Na]+. 1H NMR data are 
similar to those previously reported.204,205 
 
4.1.7 2-Carbethoxy-2,3-diazabicyclo[2.2.2]-oct-5-ene (80) 
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Bis(carbamate) 47 (0.48 g, 1.89×10-3 mol) was added to a pear-shaped flask and 
potassium hydroxide in 95 % ethanol (6.00 mL, 2 M) was added. The reaction mixture 
was refluxed at 85 °C with stirring for 5 hours under argon or 50 minutes under air. The 
yellow solid was removed by vacuum filtration and washed with DCM. The combined 
filtrates (EtOH and DCM) were evaporated using rotary evaporator and yielded yellow 
viscous oil. The crude oil was dissolved in ether (20 mL) and the solution was filtered 
through a funnel with cotton wool leaving behind the undissolved excess base. The 
solution was then evaporated using rotary evaporator followed by high vacuum to yield 
yellow viscous oil (70.7 mg, 20 %). 1H NMR:  6.49-6.45 (2 H, m, vinyl-CH); 4.76 (1 
H, br s, bridgehead CH close to carbamate group); 4.18-4.05 (2 H, m, CH2); 3.76-3.74 (1 
H, br s, bridgehead CH close to NH); 3.58 (1 H, v br s, NH); 2.04-1.90 (2 H, m, bridge-
CH2); 1.42-1.26 (2 H, m, bridge-CH2); 1.21 (3H, t, J 7.2, CH3).13C NMR:  155.7 
(C=O); 133.8, 131.1 (vinyl-CH); 61.5 (CH2); 49.3 (bridgehead CH close to NH); 47.2 
(bridgehead CH close to carbamate group);  24.1, 22.3 (bridge-CH2); 14.7 (CH3). IR  
(cm-1) 3238 (N-H) 1682 (C=O). MS calculated: 205.0947 [M+Na]+, 183.1128 [M+H]+, 
387.2003 [M2+Na]+. Found: 205.0943 [M+Na]+, 183.1127 [M+H]+, 387.2006 
[M2+Na]+. The experiment under air gave a higher yield of 76 %. 
 
4.1.8 2,3-Diazabicyclo[2.2.2]-octadiene N-oxide (71) 
 
Bis(carbamate) 47 (0.20 g, 8.00×10-4 mol) was added to a round-bottom flask and 
potassium hydroxide in 95 % ethanol (2.30 mL, 2 M) was added. The reaction mixture 
was refluxed at 80 °C with stirring for 16 hours. The yellow solid was removed by 
vacuum filtration and the filtrate was evaporated using rotary evaporator. The crude 
yellow oil was dissolved in ether (30 mL) and washed with water (4 ൈ	10 mL) and the 
ether layer was dried with Na2CO3 followed by evaporation of solvent to yield dark 
yellow oil (48.2 mg, 49 %). The same compound was isolated if washing with water and 
ether extraction steps were omitted. Instead the crude yellow oil was dissolved in ether 
(20 mL) and the solution was filtered through a funnel with cotton wool leaving behind 
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the undissolved excess base. 1H NMR:  6.56-6.51 (2 H, m, vinyl-CH); 5.39-5.34 (2 H, 
m, bridgehead CH); 2.07-2.00 (1 H, br m, bridge-CH2); 1.92-1.85 (1 H, br m, bridge-
CH2); 1.67-1.60 (1 H, br m, bridge-CH2); 1.55-1.49 (1 H, br t, bridge-CH2). 13C NMR:  
132.0, 128.6 (vinyl-CH); 74.0, 60.3 (bridgehead CH); 23.4, 21.7 (bridge-CH2). IR  (cm-
1) 1496 (N-N-O). MS calculated: 163.0268 [M+K]+, 147.0529 [M+Na]+, 125.0709 
[M+H]+, 249.1346 [M2+H]+, 271.1165 [M2+Na]+. Found: 163.0275 [M+K]+, 147.0526 
[M+Na]+, 125.0718 [M+H]+, 249.1362 [M2+H]+, 271.1163 [M2+Na]+. 1H NMR 
chemical shift ranges185,188,199 and 13C NMR186 data agree with those in the literature. 1H 
NMR (900 MHz, (CD3)2CO + HBF4/H2O):  6.60-6.59, 6.56-6.55 (2 H, m, vinyl-CH); 
5.31-5.30, 5.26 (2 H, m, br s, bridgehead CH); 1.90-1.87 (1 H, m, bridge-CH2); 1.77-
1.74 (1 H, m, bridge-CH2); 1.62-1.59 (1 H, m, bridge-CH2); 1.53-1.51 (1 H, br t, bridge-
CH2). 13C NMR:  133.0, 129.8 (vinyl-CH); 75.1, 61.0 (bridgehead CH); 23.9, 22.3 
(bridge-CH2). 
 
4.1.9 9,10-(N,N-Dicarbethoxyhydrazo)-9,10-dihydroanthracene (82) 
                                                                                              
This synthesis was modified from the procedure developed by Diels and co-workers.125 
Anthracene (0.99 g, 5.55×10-3 mol) was dissolved in toluene (5.5 mL) in a round-bottom 
flask and diethyl azodicarboxylate (0.90 mL, 5.74×10-3 mol) was added and stirring was 
commenced. The reaction mixture was refluxed at 130 °C for 30 hours. Reaction 
progress was monitored by TLC using dichloromethane: hexane (1:1). The crude 
product was filtered through a hot pipette filled with cotton wool and the filtrate was 
then cooled to room temperature to yield block shape colourless crystals. These crystals 
were collected and recrystallised from 95 % ethanol (3 mL) to yield shiny white 
crystalline solid, m.p. 135-136 °C (1.02 g, 52%). 1H NMR:  7.48-7.46 (2 H, m, 
aromatic ring CH); 7.37-7.36 (2 H, m, aromatic ring CH); 7.22-7.20 (4 H, m, aromatic 
ring CH); 6.30 (2 H, s, bridgehead CH); 4.21-4.07 (4 H, m, CH2); 1.20 (3 H, br s, CH3). 
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13C NMR:  142.0 (C=O); 136.4 (quaternary aromatic ring C), 127.6, 127.1, 125.6, 
122.8 (aromatic ring C); 62.6 (CH2); 60.5 (bridgehead C); 14.4 (CH3). IR  (cm-1) 1699 
(C=O). Anal. calc. for C20H20N2O4: C, 68.17; H, 5.72; N, 7.95. Found: C, 68.52; H, 5.93; 
N, 8.02. MS calculated: 375.1321 [M+Na]+. Found: 375.1317 [M+Na]+. 1H NMR218 and 
m.p. (138 °C)125 data are similar to those previously reported. 
 
4.1.10 2,3:5,6-Dibenzo-7,8-diazabicyclo[2.2.2]octa-2,5-diene (66) 
 
Bis(carbamate) 82 (0.50 g, 1.42×10-3 mol) was added to a round-bottom flask and 
crushed into fine powder with a spatula. The flask was evacuated and refilled with argon 
3 times. Sodium hydroxide in 95 % ethanol (20 mL, 2 M) was added and the mixture 
was stirred at room temperature under argon for 24 hours. Reaction progress was 
monitored by TLC using EtOAc: hexane (1:3). Solvent was evaporated by rotary 
evaporator. Cooling in ice was done for the following work up procedures. Water (10 
mL) was added to the crude product followed by hydrochloric solution (20 mL, 2 M). 
The mixture was confirmed to be acidic. Vacuum filtration was carried out to remove 
insoluble impurities. Sodium hydroxide solution (20 mL, 4 M) was added to the filtrate 
to precipitate the product, which was vacuum filtered to yield crude light yellowish solid 
(50.3 mg, 17 %). 1H NMR:  7.37-7.35 (4 H, m, aromatic ring CH); 7.23-7.20 (4 H, m, 
aromatic ring CH); 5.26 (2 H, s, bridgehead CH); 3.60 (2 H, s, NH). MS calculated: 
209.1073 [M+H]+. Found: 209.1078 [M+H]+. The sample used for the characterisation 
was not purified further. 1H NMR data agree with those previously reported.249  
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4.1.11 9-(N-Carbethoxyhydrazo)-9,10-dihydroanthracene (83) 
 
Bis(carbamate) 82 (0.53 g, 1.50×10-3 mol) was added to a round-bottom flask and 
crushed into fine powder with a spatula. The flask was evacuated and refilled with argon 
3 times. Ethanol (95 %, 10 mL) was added to the flask and the mixture was stirred under 
argon at room temperature for 1 hour. Sodium hydroxide in 95 % ethanol (5 mL, 2 M) 
was added and stirred for half an hour before another 5 mL of NaOH/ethanol solution 
was added and the reaction mixture was then stirred for 20 hours. Reaction progress was 
monitored by TLC using EtOAc: hexane (1:3). Solvent was evaporated using rotary 
evaporator. Cooling in ice was done for the following work up procedures. Water (5 
mL) was added to the crude product followed by hydrochloric solution (10 mL, 2 M). 
The mixture was acidic. Vacuum filtration was carried out to remove insoluble 
impurities. Sodium hydroxide solution (5 mL, 4 M) was added to the filtrate to 
precipitate the product and it was extracted into ether (4 ൈ	30 mL) and the combined 
ether layers were dried with Na2CO3 to yield crude light yellow solid. It was purified by 
column chromatography (DCM and changed to 10 % THF after the non polar anthracene 
was obtained). The crude product was dissolved in a small amount of dichloromethane 
and a layer of pentane was added to yield yellow needles, m.p. 149 °C (dec.) (0.14 g, 32 
%).  1H NMR:  7.42-7.38 (4 H, m, aromatic ring CH); 7.23-7.21 (4 H, m, aromatic ring 
CH); 6.29 (1 H, s, bridgehead CH close to carbamate group); 5.36 (1 H, s, bridgehead 
CH close to NH); 4.23 (1 H, s, NH); 4.15 (2 H, q, J 8.0, CH2); 1.24 (3 H, t, J 8.0, CH3). 
13C NMR:  157.4 (C=O); 140.6 (quaternary aromatic ring C close to NH), 139.3 
(quaternary aromatic ring C close to carbamate group), 127.3, 127.1, 123.6, 123.4 
(aromatic ring C); 62.1 (CH2); 60.3 (bridgehead C close to NH); 57.9 (bridgehead C 
close to carbamate group); 14.6 (CH3). IR  (cm-1) 3237 (N-H) 1682, 1663 (C=O). Anal. 
calc. for C17H16N2O2: C, 72.84; H, 5.75; N, 9.99. Found: C, 72.48; H, 5.93; N, 9.88. MS 
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calculated: 303.1109 [M+Na]+, 281.1290 [M+H]+. Found: 303.1101 [M+Na]+, 281.1282 
[M+H]+.  
 
4.1.12 5-Iodo-10,20-bis(3,5-di-tert-butylphenyl)porphyrin (H2DAPI, 89) 
 
This method was previously employed by Odobel et al. for iodination of 
triarylporphyrin.222 Iodine (0.018 g, 6.93×10-5 mol) dissolved in CHCl3 (2 mL) was 
added to H2DAP 5 (0.066 g, 9.53×10-5 mol) that was stirred in CHCl3 (10 mL) in a 
round-bottom flask. PhI(CF3CO2)2 (0.035 g, 8.16×10-5 mol) was subsequently added to 
the reaction mixture and stirred for 30 minutes. Reaction progress was monitored by 
TLC using DCM: hexane (4:6). The reaction mixture was washed with 10 % sodium 
bicarbonate once and then twice with 10 % sodium thiosulfate. Subsequently, the 
organic layer was dried with anhydrous Na2SO4 and the solvent was removed by rotary 
evaporator. The crude product was purified by column chromatography using CHCl3: 
hexane (1/3:2/3) + 0.5 % TEA yielding red iodoporphyrin crystals (58.3 mg, 75 %). 1H 
NMR:  10.20 (1 H, s, meso-H); 9.79 (2 H, d, J 4.9, β-H); 9.31 (2 H, d, J 4.5, β-H); 9.02 
(2 H, d, J 4.5, β-H); 8.99 (2 H, d, J 4.9, β-H); 8.10 (4 H, d, J 1.8, ortho-H); 7.86 (2 H, t, 
J 1.9, para-H); 1.57 (36 H, s, tBu-H); -2.92 (2 H, s, inner N-H). The data agree with 
those supplied by Osuka.224 
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4.1.13  5-Iodo-10,20-bis(3,5-di-tert-butylphenyl)porphyrinatonickel(II) (NiDAPI, 
88) 
 
H2DAPI 89 (62.8 mg, 7.73×10-5 mol) was dissolved in toluene (50 mL) in a round-
bottom flask and Ni(acac)2 (0.23 g, 8.86×10-4 mol) was added to the reaction mixture. It 
was refluxed at 120 °C for 2 hours. Reaction progress was monitored by TLC using 
CHCl3: hexane (1/3:2/3) + 1 drop TEA. Solvent was evaporated and the crude product 
was run through a sintered funnel filled with sand and silica gel. DCM was used as the 
solvent and vacuum was applied. The solvent was evaporated and crude product was 
recrystallised from DCM/MeOH to yield orangey red solid product (52.7 mg, 78 %). 1H 
NMR:  9.78 (1 H, s, meso-H); 9.58 (2 H, d, J 4.9, β-H); 9.10 (2 H, d, J 4.7, β-H); 8.89 
(2 H, d, J 4.7, β-H); 8.85 (2 H, d, J 4.9, β-H); 7.87 (4 H, d, J 1.8, ortho-H); 7.77 (2 H, t, 
J 1.9, para-H); 1.52 (36 H, s, tBu-H). The data agree with those supplied by Osuka.224 
 
4.1.14 5-Iodo-10,20-bis(3,5-di-tert-butylphenyl)porphyrinatozinc(II) (ZnDAPI, 91) 
 
H2DAPI 89 (58.3 mg, 7.17×10-5 mol) was dissolved in CHCl3 (10 mL) and refluxed at 
70 C. Zinc acetate (53.1 mg, 2.89×10-4 mol) dissolved in methanol (0.5 mL) was added 
to the boiling reaction mixture and refluxed for a further 30 minutes. Reaction progress 
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was monitored by TLC using CHCl3: hexane (1/3:2/3) + 1 drop of TEA. The reaction 
mixture was filtered through a Pasteur pipette with cotton wool, celite and silica gel. 
Solvent was removed by rotary evaporator and the residue was recrystallised from 
CHCl3 (+ 1 drop pyridine)/MeOH to yield shiny purplish red crystals (38.5 mg, 61 %). 
1H NMR:  10.25 (1 H, s, meso-H); 9.86 (2 H, d, J 4.8, β-H); 9.38 (2 H, d, J 4.4, β-H); 
9.11 (2 H, d, J 4.4, β-H); 9.07 (2 H, d, J 4.4, β-H); 8.08 (4 H, d, J 1.6, ortho-H); 7.84 (2 
H, t, J 1.6, para-H); 1.56 (36 H, s, tBu-H). The data agree with those previously reported 
by Bonifazi and co-workers.250  
 
4.1.15  5-Nitro-10,20-bis(3,5-di-tert-butylphenyl)porphyrin (H2DAPNO2, 92) 
 
H2DAP 5 (0.35 g, 5.11×10-4 mol) was added to a two-neck round-bottom flask and it 
was evacuated for 5 minutes. DCM: dried acetonitrile (2:1; 63 mL:31.5 mL) was added 
and the flask was shielded from light and stirred under argon for 10 minutes. Iodine 
(0.12 g, 4.66×10-4 mol) dissolved in DCM (12.5 mL) was added to the reaction mixture 
and stirred for a further 30 minutes. Silver nitrite (0.13 g, 8.23×10-4 mol) dissolved in 
acetonitrile (2 mL) was subsequently added. Reaction progress was monitored by TLC 
using THF: hexane (1:9). Starting material was fully consumed after 1 hour and 45 
minutes and solvent was evaporated. Crude product was run through a sintered funnel 
filled with sand and silica gel, using THF as the solvent. The solvent was evaporated and 
crude product was recrystallised from DCM/MeOH to yield brownish purple solid 
product (0.31 g, 84 %). 1H NMR:  10.35 (1 H, s, meso-H); 9.38 (2 H, d, J 4.7, β-H); 
9.35 (2 H, d, J 4.9, β-H); 9.11 (2 H, d, J 4.9, β-H); 9.06 (2 H, d, J 4.5, β-H); 8.10 (4 H, d, 
J 1.8, ortho-H); 7.89 (2 H, t, J 1.9, para-H); 1.59 (36 H, s, tBu-H); -2.84 (2 H, s, inner 
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N-H). The data agree with those previously reported by both Arnold’s and Anderson’s 
groups.6,15,111 
 
4.1.16  5-Nitro-10,20-bis(3,5-di-tert-butylphenyl)porphyrinatonickel(II) 
(NiDAPNO2, 93) 
 
H2DAPNO2 92 (0.12 g, 1.67×10-4 mol) was dissolved in toluene (40 mL) in a round-
bottom flask and Ni(acac)2 (0.12 g, 4.68×10-4 mol) was added to the reaction mixture. It 
was refluxed at 100 °C for 2 hours. Reaction progress was monitored by TLC using 
CHCl3: hexane (1:1). Solvent was evaporated and the crude product was run through a 
sintered funnel filled with sand and silica gel. CHCl3 was used as the solvent and 
vacuum was applied. The solvent was evaporated and crude product was recrystallised 
from CHCl3/MeOH to yield purplish red solid product (0.13 g, 99 %). 1H NMR:  9.88 
(1 H, s, meso-H); 9.28 (2 H, d, J 5.1, β-H); 9.15 (2 H, d, J 4.9, β-H); 8.98 (2 H, d, J 5.1, 
β-H); 8.93 (2 H, d, J 4.7, β-H); 7.89 (4 H, d, J 2.0, ortho-H); 7.82 (2 H, t, J 1.8, para-H); 
1.54 (36 H, s, tBu-H). The data agree with those previously reported by Arnold and co-
workers.6,111  
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4.1.17 5-Nitro-10,20-bis(3,5-di-tert-butylphenyl)porphyrinatozinc(II) (ZnDAPNO2, 
94) 
 
H2DAPNO2 92 (65.9 mg, 9.00×10-5 mol) was dissolved in CHCl3 (30 mL) in a round-
bottom flask. Zinc acetate (67.9 mg, 3.70×10-4 mol) dissolved in methanol (1.0 mL) was 
added to the reaction mixture and refluxed at 62 C for 45 minutes. Reaction progress 
was monitored by TLC using DCM: hexane (1:1). Solvent was evaporated and the crude 
product was run through a sintered funnel filled with sand and silica gel. CHCl3: 
pyridine (100:1) was used as the solvent and vacuum was applied. Solvent was removed 
by rotary evaporator and the residue was recrystallised from CHCl3/MeOH to yield 
shiny purplish red crystals (64.0 mg, 91 %). 1H NMR:  10.38 (1 H, s, meso-H); 9.44 (2 
H, d, J 4.5, β-H); 9.43 (2 H, d, J 4.7, β-H); 9.18 (2 H, d, J 4.9, β-H); 9.14 (2 H, d, J 4.5, 
β-H); 8.09 (4 H, d, J 1.8, ortho-H); 7.88 (2 H, t, J 1.8, para-H); 1.54 (36 H, s, tBu-H). 
The data agree with those previously reported by both Arnold’s and Anderson’s 
groups.15,111 
 
4.1.18  5-Amino-10,20-bis(3,5-di-tert-butylphenyl)porphyrin (H2DAPNH2, 95) 
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H2DAPNO2 92 (75.8 mg, 1.04×10-4 mol) was added into a three-neck round-bottom 
flask and it was evacuated for 20 minutes. Dried DCM (30 mL) and HPLC grade MeOH 
(30 mL) were added and the reaction mixture was bubbled with argon for 10 minutes. 
Argon atmosphere was maintained and 10 % palladium on carbon (55.2 mg) was added 
followed by four portionwise additions of NaBH4 (16 mg, 4.23×10-4 mol). Reaction 
progress was monitored by TLC using DCM: hexane (1:1). The reaction was stopped 7 
minutes after the last addition of NaBH4.v Crude reaction mixture was filtered through a 
funnel filled with cotton wool and the solvent was evaporated. The crude product was 
then dissolved in DCM (30 mL) and washed with water (3 ൈ	60 mL). Organic layer was 
dried with anhydrous Na2SO4 and the solvent was removed by rotary evaporator. Crude 
product was recrystallised from DCM/pentane to yield greenish brown solid product 
(58.1 mg, 80 %). 1H NMR:  9.37 (1 H, s, meso-H); 9.06 (2 H, d, J 4.7, β-H); 8.87 (2 H, 
d, J 4.7, β-H); 8.71 (2 H, d, J 4.7, β-H); 8.60 (2 H, d, J 4.7, β-H); 8.00 (4 H, d, J 1.6, 
ortho-H); 7.77 (2 H, t, J 1.8, para-H); 6.42 (2 H, br s, NH); 1.54 (36 H, s, tBu-H); -0.85 
(2 H, s, inner N-H). MS calculated: 702.4530 [M+H]+. Found: 702.4549 [M+H]+. 
UV/vis: max/nm (/103 M-1 cm-1) 422 (235.0), 500 (3.7), 533 (6.4), 573 (15.9), 617 (3.8), 
675 (16.4). 
 
4.1.19  5-Amino-10,20-bis(3,5-di-tert-butylphenyl)porphyrinatonickel(II)  
(NiDAPNH2, 96) 
 
H2DAPNH2 95 (69.7 mg, 9.93×10-5 mol) was dissolved in toluene (40 mL) in a round-
bottom flask and Ni(acac)2 (74.3 mg, 2.89×10-4 mol) was added to the reaction mixture. 
It was refluxed at 120 °C for 1 hour. Reaction progress was monitored by TLC using 
                                                 
v Continued exposure to excess NaBH4 causes complete deamination. 
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DCM: hexane (2/3:1/3). Solvent was evaporated and the crude product was run through 
a sintered funnel filled with sand and silica gel. DCM was used as the solvent and 
vacuum was applied. The solvent was evaporated and crude product was recrystallised 
from DCM/pentane to yield red solid product (48.1 mg, 64 %). 1H NMR:  9.21 (1 H, s, 
meso-H); 8.98 (2 H, d, J 4.7, β-H); 8.76 (2 H, d, J 5.1, β-H); 8.65 (2 H, d, J 5.1, β-H); 
8.56 (2 H, d, J 4.7, β-H); 7.80 (4 H, d, J 1.6, ortho-H); 7.70 (2 H, d, J 1.6, para-H); 5.83 
(2 H, br s, NH); 1.48 (36 H, s, tBu-H). The data agree with those previously reported by 
Arnold and co-workers.6,111 
 
4.1.20 5-Bromo-10,20-diphenylporphyrinatonickel(II)  (NiDPPBr, 116) 
 
H2DPPBr 120 (106.4 mg, 1.97×10-4 mol) was dissolved in toluene (50 mL) in a round-
bottom flask and Ni(acac)2 (615.5 mg, 2.40×10-3 mol) was added to the reaction mixture. 
It was refluxed at 120 °C for 2.5 hours. Reaction progress was monitored by TLC using 
DCM: hexane (1:1). Solvent was evaporated and the crude product was run through a 
sintered funnel filled with sand and silica gel, DCM was used as the solvent and vacuum 
was applied. The solvent was evaporated and crude product was recrystallised from 
DCM/MeOH to yield reddish purple crystals (102.9 mg, 88 %). 1H NMR:  9.81 (1 H, s, 
meso-H); 9.58 (2 H, d, J 4.8, β-H); 9.12 (2 H, d, J 4.8, β-H); 8.85 (4 H, d, J 4.8, β-H); 
8.04-8.02 (4 H, d, J 1.6, Ar-H); 7.76-7.71 (6 H, d, J 1.6, Ar-H). The data agree with 
those previously reported by Esdaile.111 
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4.1.21  5-N-(Ethoxycarbonyl)azo-10,20-diphenylporphyrinatonickel(II)  
(NiDPPN=NCO2Et, 105) and 5-[10-ethoxycarbonyl-(9,10-diaza-9,10-
dihydroanthracene)-9-yl]-10,20-diphenylporphyrinatonickel(II) 
(NiDPPAntCO2Et, 109)  
                           
An oven-dried Schlenk tube was evacuated and refilled with argon 3 times before 
NiDPPBr 116 (19.0 mg, 3.19×10-5 mol), hydrazine 83 (18.8 mg, 6.71×10-5 mol), Cs2CO3 
(76.7 mg, 2.35×10-4 mol), Pd(OAc)2 (4.0 mg, 1.78×10-5 mol) and DPEphos (11.5 mg, 
2.14×10-5 mol) were added. All the starting materials were dried under high vacuum for 
10 minutes before distilled dried THF (5 mL) was added. The reaction mixture was 
stirred at room temperature for 24 hours under argon. Reaction progress was monitored 
by TLC using DCM: hexane (3:1). The crude reaction mixture was filtered through a 
funnel filled with cotton wool and the solvent was evaporated. Crude product was 
purified by column chromatography (DCM: hexane (3:1)) to yield two main fractions, 
bright green and bright red. The first eluting compound after the unreacted starting 
material and anthracene was the crude bright green azocarboxylate 105 (2.7 mg, 14 %). 
1H NMR:  9.70 (2 H, d, J 4.8, β-H); 9.65 (1 H, s, meso-H); 8.98 (2 H, d, J 4.8, β-H); 
8.83 (2 H, d, J 4.8, β-H); 8.66 (2 H, d, J 4.8, β-H); 7.99-7.97 (4 H, m, Ar-H); 7.75-7.70 
(6 H, m, Ar-H); 4.71 (2 H, q, J 7.5, CH2); 1.62 (3 H, t, J 7.5, CH3). MS calculated: 
641.1206 [M+Na]+, 619.1392 [M+H]+. Found: 641.1188 [M+Na]+, 619.1393 [M+H]+. 
Upon addition of formic acid, MS calculated: 643.1363 [M+Na]+. Found: 643.1308 
[M+Na]+. The data agree with those previously reported by Arnold and co-
workers.111,170 The latter, major product eluted was the red fraction 109 and it was 
recrystallised from DCM/pentane to yield purple crystals (19.3 mg, 76 %). 1H NMR:  
9.63 (1 H, s, meso-H); 9.25 (2 H, br s, β-H); 9.02 (2 H, d, J 4.8, β-H); 8.77 (2 H, d, J 4.8, 
β-H); 8.57 (2 H, d, J 4.4, β-H); 8.42-7.43 (12 H, br s, br d, Ar-H); 7.24 (2 H, br t, Ar-H); 
6.95-6.80 (5 H, br m, Ar-H, bridgehead CH close to carbamate group); 5.59 (1 H, s, 
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bridgehead CH close to porphyrin); 4.00 (2 H, br s, CH2); 0.93-0.79 (3 H, t, br s, CH3). 
MS calculated: 835.1728 [M+K]+, 819.1989 [M+Na]+, 797.2169 [M+H]+. Found: 
835.1706 [M+Na]+, 819.1960 [M+Na]+, 797.2153 [M+H]+ (Formic Acid). UV/vis: 
max/nm (rel. abs.) 426 (11.0), 534 (1.0) (contamination from 105 prevented 
determination of correct extinction coefficients). 
 
4.1.22 5-[10-Ethoxycarbonyl-(9,10-diaza-9,10-dihydroanthracene)-9-yl]-10,20-
diphenylporphyrin (H2DPPAntCO2Et, 121) and 5-N-(ethoxycarbonyl)azo-
10,20-diphenylporphyrin (H2DPPN=NCO2Et, 122) 
                          
N
NH N
HN
Ph
N
N
O
O
Ph 122  
An oven-dried Schlenk tube was evacuated and refilled with argon 3 times before 
H2DPPBr 120 (15.5 mg, 2.86×10-5 mol), hydrazine 83 (19.0 mg, 6.78×10-5 mol), Cs2CO3 
(79.4 mg, 2.44×10-4 mol), Pd(OAc)2 (4.4 mg, 1.96×10-5 mol) and DPEphos (12.8 mg, 
2.38×10-5 mol) were added. All the starting materials were dried under high vacuum for 
10 minutes before distilled dried THF (5 mL) was added. The reaction mixture was 
stirred at room temperature for 24 hours under argon. Reaction progress was monitored 
by TLC using 95 % DCM:5 % THF. The crude reaction mixture was filtered through a 
funnel filled with cotton wool and the solvent was evaporated. Crude product was 
purified by column chromatography (1 % THF and 0.5 % TEA in DCM) to yield a main 
greenish red fraction (10.7 mg, 51 %) after the elution of unreacted starting material and 
anthracene. 1H NMR:  10.00 (1 H, s, meso-H); 9.21 (4 H, d, J 3.9 β-H); 8.90 (2 H, d, J 
4.4, β-H); 8.63 (2 H, d, J 4.4, β-H); 8.31 (2 H, br s, Ar-H); 8.14 (2 H, br d, Ar-H); 7.85-
7.76 (8 H, m, Ar-H); 7.36 (2 H, br t, Ar-H); 7.07-7.03 (5 H, m, Ar-H, bridgehead CH 
close to carbamate group); 6.36 (1 H, s, bridgehead CH close to porphyrin); 3.77 (2 H, 
br s, CH2); 0.42 (3 H, t, br s, CH3); -2.77 (2 H, s, inner N-H). MS calculated: 763.2792 
[M+Na]+, 741.2973 [M+H]+. Found: 763.2782 [M+Na]+, 741.2970 [M+H]+. MS 
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(MALDI) calculated: 740.3 [M]+. Found: 740.4 [M]+ (Matrix). Decomposed analogue 
122 was also observed, MS (MALDI) calculated: 562.2 [M]+. Found: 562.5 [M]+ 
(Matrix). UV/vis: max/nm (/103 M-1 cm-1) 427 (190.0), 525 (11.0), 567 (11.3), 663 
(5.6). This crude (but pure) greenish red residue was recrystallised from toluene/pentane. 
However, it decomposed slightly during the recrystallisation process. Hence, upon 
second column chromatography purification (DCM: hexane (9:1)), the less polar bright 
green azocarboxylate 122 (3.1 mg, 19 %) was obtained before the more polar greenish 
red 121 fraction was isolated (5.8 mg, 27 %).  122 1H NMR:  10.15 (1 H, s, meso-H); 
9.92 (2 H, d, J 4.8, β-H); 9.21 (2 H, d, J 4.4, β-H); 8.93 (2 H, d, J 5.3, β-H); 8.81 (2 H, d, 
J 4.4, β-H); 8.21-8.19 (4 H, m, Ar-H); 7.84-7.79 (6 H, m, Ar-H); 4.79 (2 H, q, J 7.0, 
CH2); 1.69 (3 H, t, J 7.0, CH3); -1.63 (2 H, s, inner N-H). MS (MALDI) calculated: 
562.2 [M]+. Found: 564.3 [M]+ (Matrix). UV/vis: max/nm (/103 M-1 cm-1) 416 (74.0), 
589 (17.8), 823 (5.0). 
 
4.1.23 5-Hydroxy-10,20-diphenylporphyrinatonickel(II)  (NiDPPOH, 127) 
 
An oven-dried Schlenk tube was evacuated and refilled with argon 3 times before 
NiDPPBr 116 (23.9 mg, 4.01×10-5 mol), Cs2CO3 (91.8 mg, 2.82×10-4 mol), Pd(OAc)2 
(6.3 mg, 2.81×10-5 mol) and DPEphos (17.3 mg, 3.2×10-5 mol) were added. All the 
starting materials were dried under high vacuum for 15 minutes before distilled dried 
THF (5 mL) was added. The reaction mixture was heated to 68 °C for 50 minutes under 
argon. Reaction progress was monitored by TLC using DCM: hexane (9:1). The crude 
reaction mixture was filtered through a funnel filled with cotton wool and the solvent 
was evaporated. Crude product was purified by column chromatography (DCM: hexane 
(9:1)) to yield a red fraction (crude 8.7 mg, 41 %). Different solvent mixtures 
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(DCM/pentane; EtOAC/pentane; CHCl3/pentane; DCM/hexane) were attempted for 
recrystallisation but only very insignificant amount of compound was precipitated each 
time. Thus, the mother liquor was decanted* and dried under high vacuum to yield red 
colour compound. 1H NMR (-50 °C):  9.57 (1 H, s, meso-H); 9.29 (2 H, d, J 4.9, β-H); 
9.01 (2 H, d, J 4.9, β-H); 8.81 (2 H, d, J 4.9, β-H); 8.73 (2 H, d, J 4.9, β-H); 8.01-7.98 (4 
H, m, Ar-H); 7.74-7.70 (6 H, m, Ar-H); 7.18 (1 H, br s, OH). MS (MALDI) calculated: 
534.1 [M]+. Found: 534.3 [M]+ (Matrix). UV/vis: max/nm (/103 M-1 cm-1) 410 (194.9), 
523 (14.6), 560 (7.2), 792 (0.3). *This method can only be carried out when a relatively 
pure crude sample was obtained from the column chromatography, otherwise a second 
column has to be done to separate the contaminating NiDPP 102. 
 
4.1.24 5-Acetoxy-10,20-diphenylporphyrinatonickel(II)  (NiDPPOAc, 130) 
 
NiDPPOH 127 (4.3 mg, 8.03×10-6 mol) was added into a round-bottom flask and it was 
dried under high vacuum and filled with argon. Pyridine (1.30 mL, 16.1 mmol) was 
added and the reaction mixture turned green. Acetic anhydride (0.40 mL, 4.24 mmol) 
was subsequently added. The resulting red solution was heated at 75 °C for 10 minutes 
under argon atmosphere. Reaction progress was monitored by TLC using DCM: hexane 
(9:1). Solvent was evaporated and the crude product was dried under high vacuum. The 
crude product was recrystallised from DCM/pentane to yield red crystals (1.1 mg, 24 %) 
contaminated with a very small amount of porphyrinoid impurity. 1H NMR:  9.82 (1 H, 
s, meso-H); 9.17 (2 H, d, J 5.3, β-H); 9.12 (2 H, d, J 4.8, β-H); 8.88 (2 H, d, J 4.8, β-H); 
8.86 (2 H, d, J 4.8, β-H); 8.06-8.04 (4 H, m, Ar-H); 7.76-7.71 (6 H, m, Ar-H); 2.90 (3 H, 
s, CH3). MS calculated: 577.1169 [M+H]+, 599.0988 [M+Na]+. Found: 577.1160 
[M+H]+, 599.0988 [M+Na]+ (Formic Acid). UV/vis: max/nm (/103 M-1 cm-1) 405 
(125.0), 519 (9.7), 545 (2.8).  
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4.1.25 5,15-Diphenylporphyrinatonickel(II)  (NiDPP, 102) 
 
1H NMR:  9.97 (2 H, s, meso-H); 9.21 (4 H, d, J 4.8, β-H); 8.96 (4 H, d, J 4.8, β-H); 
8.11-8.08 (4 H, m, Ar-H); 7.76-7.74 (6 H, m, Ar-H). The data agree with those 
previously reported by Chen and co-workers.251 This compound was isolated repeatedly 
from several amination reactions, hence, its 1H NMR was recorded for reference 
purposes and this also applies to Section 4.1.26. 
 
4.1.26 Directly meso-meso-linked-5-(10,20-diphenylporphyrinatonickel(II))dimer  
or 5-[(10,20-diphenylporphyrinatonickel(II)-5’-yl]-10,20-
diphenylporphyrinatonickel(II) (NiDPP-NiDPP, 119) 
 
1H NMR:  9.99 (2 H, s, meso-H); 9.25 (4 H, d, J 4.8, β-H); 8.96 (4 H, d, J 4.8, β-H); 
8.57 (4 H, d, J 4.8, β-H); 8.08-8.05 (12 H, m, β-H, Ar-H); 7.66-7.64 (12 H, m, Ar-H). 
The data agree with those previously reported by Chen and co-workers.251 
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4.1.27 5-[3-Ethoxycarbonyl-(2,3-diazabicyclooct-5-ene)-2-yl]-10,20-
diphenylporphyrinatonickel(II) (NiDPPCycCO2Et, 140) 
 
An oven-dried Schlenk tube was evacuated and refilled with argon 3 times before 
NiDPPBr 116 (14.2 mg, 2.38×10-5 mol), Cs2CO3 (63.4 mg, 1.95×10-4 mol), Pd(OAc)2 
(3.9 mg, 1.74×10-5 mol) and DPEphos (9.1 mg, 1.69×10-5 mol) were added. All the 
starting materials were dried under high vacuum for 10 minutes. Hydrazine 80 (9.2 mg, 
5.05×10-5 mol) that was dried under high vacuum in a small vial and distilled dried THF 
(5 mL) was added. This amine solution was subsequently added to the Schlenk tube. The 
reaction mixture was stirred at room temperature for 49 hours under argon. Reaction 
progress was monitored by TLC using DCM: hexane (9:1). The crude reaction mixture 
was filtered through a funnel filled with cotton wool and the solvent was evaporated. 
Crude product was purified by column chromatography (DCM: hexane (3:1)) to yield a 
red fraction (crude 3.4 mg, 20 %). The residue was recrystallised from DCM/pentane to 
yield red crystals (0.9 mg, 5 %). 1H NMR:  9.76 (1 H, br s, β-H); 9.55 (1 H, s, meso-H); 
9.39 (1 H, d, J 4.8, β-H); 8.99 (2 H, d, J 4.8, β-H); 8.74 (3 H, d, J 4.8, β-H); 8.62 (1 H, d, 
J 4.8, β-H); 8.0-7.68 (10 H, br s, Ar-H); 6.74 (1 H, ddd, J 8.1, 6.5, 1.7, vinyl-CH close to 
carbamate group); 5.62(1 H, br s, vinyl-CH close to porphyrin); 5.46 (1 H, br s, 
bridgehead CH close to carbamate group); 4.31 (2 H, br s, CH2); 4.08 (1 H, br s, 
bridgehead CH close to porphyrin); 2.52 (2 H, br m, bridge-CH2); 1.48 (2 H, br m, 
bridge-CH2); 1.15-0.90 (3H, br t, CH3). MS calculated: 721.1832 [M+Na]+, 698.1935 
[M +H]+. Found: 721.1819 [M+Na]+, 698.1913 [M+H]+. UV/vis: max/nm (rel. abs.) 428 
(8.3), 537 (1.0) (contamination from 127 prevented determination of correct extinction 
coefficients). 
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4.1.28 5,15-Dioxo-10,20-diphenylporphyrinatonickel(II) (O=NiDPP=O, 134) and 
15,15’-dioxo-5-[(10,20-diphenylporphyrinatonickel(II)-5’-ylidene]-10,20-
diphenylporphyrinatonickel(II) (O=NiDPP=NiDPP=O, 133) 
                                  
NiDPPOH 127 (4.2 mg, 7.79×10-6 mol) was added into a round-bottom flask and it was 
dried under high vacuum. DDQ (13.2 mg, 5.82×10-5 mol) was added into a volumetric 
flask (5 mL) and dissolved with DCM to the mark. DDQ solution (0.67 mL) was added 
to NiDPPOH and gave a brown colour solution and DCM (1.33 mL) was added (1.33 
mL). The reaction mixture was stirred at room temperature for 30 minutes. Reaction 
progress was monitored by TLC using EtOAc: DCM (1:9). Solvent was evaporated and 
the crude product was purified by column chromatography (EtOAc: DCM (1:9)) to yield 
two main fractions. The first fraction was the brown dioxoporphyrin (crude 0.5 mg, 12 
%). 1H NMR:  7.50-7.43 (6 H, m, Ar-H); 7.35-7.33 (4 H, m, Ar-H); 6.60 (4 H, d, J 4.8, 
β-H); 6.23 (4 H, d, J 4.4, β-H). The data are similar to those previously reported by Chen 
and co-workers.107 The latter relatively pure brown dimer (crude 2.2 mg, 26 %) was 
recrystallised from DCM/pentane to yield brown powdery solid (0.3 mg, 4 %). 1H NMR: 
 7.48-7.44 (20 H, m, Ar-H); 6.87 (4 H, d, J 4.4, β-H); 6.46 (4 H, d, J 4.4, β-H); 6.31 (4 
H, d, J 4.8, β-H); 6.24 (4 H, d, J 4.4, β-H). MS (MALDI) calculated: 1068.2 [M]+. 
Found: 1068.7 [M]+ (Matrix). UV/vis: max/nm (/103 M-1 cm-1) 421 (35.2), 485 (49.5), 
791 (39.3). 
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5 Conclusions and Future Directions 
 
5.1 Conclusions 
The aims of this project were to synthesise the target carbamates and their derived 
hydrazines followed by the coupling of the latter adducts to halogenated porphyrins and 
eventually, retro-diaza-Diels-Alder reaction to yield the target azoporphyrins.  
 
Target carbamates 47, 61 and 82 have been synthesised in relatively good yields. They 
have all been previously mentioned in the literature, however, no experimental data can 
be found for some of them. Therefore, all the carbamates synthesised have been 
characterised spectroscopically; 61 and 82 were also characterised crystallographically. 
Confusing reports were also found in the literature regarding the synthesis of some of 
these carbamates. The claims by some authors were proved to be misleading. It was 
found that when 1,3-cyclohexadiene was used as the diene, the reaction had to be done 
photochemically to obtain the target carbamates 47 and 61. Ene adducts 49 and 62 were 
found to be the major products if the reactions were carried out thermally. On the other 
hand, 82 can be formed thermally from the reaction of anthracene with DEAD. The t-
butyl analogue of the dienophile was found to be less reactive towards dienes, affording 
the corresponding carbamate 61 in lower yields and it was found not to react with 
anthracene at all. The less favourable results from the t-butyl analogue with most cyclic 
dienes have previously been reported220,221 and were found consistently in the reactions 
performed throughout this project. 
 
The derived hydrazines from the aforementioned carbamates have also been successfully 
synthesised. Protonated form of hydrazine 64 was obtained from the acid hydrolysis of 
61. Neutral form of 64 and the hydrazine 63 derived from 47 were found to be extremely 
labile and decomposed to 1,3-cyclohexadiene and nitrogen even with careful exclusion 
of air. Derivatisation of this sensitive hydrazine 63 was achieved. Similarly, the fully-
hydrolysed hydrazine 66 derived from anthracene diaza-Diels-Alder carbamate was also 
found to be very unstable. This adduct was only isolated once and numerous attempts to 
repeat its synthesis were fruitless. The synthesis of half-hydrolysed analogues of the 
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hydrazines 80 and 83 were achieved. Optimisation of the synthesis of 83 was performed 
where the side product was isolated in very small proportion. Different techniques 
depending on the compounds were used to characterise all these hydrazines. On the 
other hand, when ethanol was used in the work-up, N-oxide 71 was isolated as the major 
product in the hydrolysis/decarboxylation reaction of 47. The former compound was 
proved to be a chiral molecule by using a chiral shift reagent. NMR spectra including all 
the 2D data were also recorded at 900 MHz for N-oxide 71. 
 
Throughout this project, a series of porphyrinoid monomeric precursors 88-96, 116 was 
also synthesised and the novel free base aminoporphyrin 95 was fully characterised. 
Following the synthesis of halogenated porphyrin starting material, countless palladium-
catalysed amination reactions were attempted with the half-hydrolysed hydrazine 83 and 
eventually, the combination of Pd(OAc)2, DPEphos and Cs2CO3 in THF was found to be 
the best. The target aminated porphyrinoid products 109 and 121 were obtained in 76 
and 51 % yields for the nickel and free base porphyrins, respectively. For both of these 
reactions, apart from the target aminated porphyrin, the target compounds were 
accompanied by azocarboxylate porphyrins 105 and 122. The free base analogue 122 of 
the azocarboxylate porphyrin was found to be novel whereas the nickel complex was 
previously synthesised.170 All the novel porphyrins were characterised fully and crystal 
structure of 109 was obtained. Unfortunately, retro-diaza-Diels-Alder reaction of 109 
and 121 to their corresponding azocarboxylate porphyrins was detected even at ambient 
conditions. Due to the sensitivity of the target aminated porphyrins, the subsequent 
planned reactions listed in Scheme 2.10.1 cannot be pursued further. Nevertheless, it 
was found that the downfield shift of β signal beyond its meso-hydrogen signal was a 
characteristic of nickel porphyrin with azo functional groups. However, this 
characteristic can also be seen in 140. 
 
Hydroxyporphyrin 127 was found to be the major product in the amination reaction 
when N-oxide 71 was erroneously used instead of hydrazine 63. Its isolation was 
repeatable when N-oxide 71 was omitted in the palladium-catalysed reaction. Due to the 
presence of paramagnetic radical species in the sample, the 1H NMR spectrum of 
                    
181 | P a g e  
 
hydroxyporphyrin 127 was found to be extremely broad and this was confirmed with the 
EPR measurements performed. Derivatisation of 127 with acetic anhydride in pyridine 
was also done. In addition, the presence of radical species was also detected in the 
UV/vis measurements where a band at about 800 nm can be seen, whereas coordination 
of the compound to pyridine was shown by the red-shift of Q bands to around 670 nm 
(See Figure 3.3.19). Oxidation of hydroxyporphyrin 127 with DDQ gave both the 
monomeric 134 and dimeric 133 dioxoporphyrins. The novel dioxoporphyrin dimer 133 
was also characterised spectroscopically. 
 
Coupling of 80 to the halogenated porphyrin was also successfully achieved. However, 
the target compound 140 was obtained in relatively low yield. On the other hand, the 
coupling of the fully-hydrolysed analogue 63 of the hydrazine to the halogenated 
porphyrin fully consumed the porphyrin starting material, but the products formed too 
labile to be isolated, let alone characterised.  
 
Regrettably, the synthesis of the azoporphyrins was not achieved in this project, but the 
target carbamates and their derived hydrazines were successfully made and 
characterised. Not only that, a few unexpected and novel compounds were found during 
the course of this project. Based on the successful amination carried out, it is believed 
that the chemistry discussed in this project could work with a system that is more 
resistant to the retro-diaza-Diels-Alder reaction. The extreme sensitivity of both the 
hydrazines and porphyrinoid products impeded this project, but many interesting results 
were obtained, which may lead to fruitful work by others.  
 
5.2 Future Directions 
Our unpublished work shown in Scheme 2.2.1 regarding the synthesis of a simpler 
carbamate from the diaza-Diels-Alder reaction of 2,3-dimethyl-1,3-butadiene 150 with 
two different dienophiles could be useful to this project.181 
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It was found in 2011 that, upon basic hydrolysis/decarboxylation of the iPr analogue of 
the carbamate 151, instead of the hydrazine of interest 152, the product isolated was 153 
(aromatisation of 152) presumably due to oxidation by exposure to air. 
 
Scheme 5.2.1 Hydrolysis/decarboxylation of iPr carbamate 151 in KOH/EtOH.  
 
 
 
Hence, the synthesis of 152 should be re-studied. If air exclusion and degassing of all 
solvents used were ensured (see Section 2.8) during the reaction, the outcome of the 
hydrolysis/decarboxylation reaction of the carbamate 151 could be different and the 
target hydrazine 152 should be obtained.  
 
Alternatively, no previous attempts were made using acid hydrolysis on the t-butyl 
analogue 154 of the above mentioned carbamate, and from the observations and 
experiences obtained for the protonated form of the hydrazine 64 in Chapter 2, it was 
found to be more stable than its deprotonated form 63. Therefore, the synthesis of the 
protonated hydrazine 155 using acid hydrolysis should be examined (Scheme 5.2.2). 
 
Scheme 5.2.2 Proposed synthesis of protonated hydrazine 155 from t-butyl analogue of the 
carbamate 154. 
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If the synthesis of 155 can be achieved, it could be used without any further treatment in 
the amination reaction with bromoporphyrin, and the subsequent retro-diaza-Diels-Alder 
reaction can then be attempted (Scheme 5.2.3). 
 
Scheme 5.2.3 Synthetic proposal for azoporphyrin using protonated hydrazine 155. 
 
Not only that, the unexpected isolation of N-oxide 71 consumed significant time in its 
identification and characterisation processes. No doubt, it led to the discovery of 
hydroxyporphyrin 127 and novel dioxoporphyrin dimer 133. Several attempts have been 
made to distinguish the two ends of the N-oxide 71 molecule but with no success. 
Hence, it is proposed that derivatisation of the N-oxide 71 should be made to form a 
solid compound, for instance 156, and thus single crystal and X-ray structures of these 
separated derivatives might help in differentiating the two ends of the N-oxide 71 
(Scheme 5.2.4). Similar synthesis of vinylic sulfone 157 can be found in the literature as 
shown in Scheme 5.2.5.252 
 
Scheme 5.2.4 Proposed derivatisation of N-oxide 71 to obtain a solid product. 
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Scheme 5.2.5 High yield synthesis of vinylic sulfone 157 via iodosulfonisation.252  
 
Lastly, it was found in Chapter 3 that hydroxyporphyrin 127 readily coordinates a fifth 
or sixth ligand, namely pyridine. From this, an unusual paramagnetic high-spin Ni(II) 
porphyrin can be formed.253 The 1H NMR spectrum of the hydroxyporphyrin 127 in 
pyridine should be studied and the same study should be applied to the novel 
dioxoporphyrin dimer 133. The combination of the paramagnetic Ni(II) centre and the 
external oxy radical may be of interest in terms of its magnetic behaviour. 
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6 Appendix: Gold Nanoparticle Route to Azoporphyrins 
 
6.1 Introduction 
As discussed in Section 1.6, there are countless synthetic methods by which 
azobenzenes can be synthesised. The only environmentally friendly method mentioned 
in Chapter 1 was the catalytic process reported by Zhu and co-workers from QUT.63 The 
authors successfully reduced nitrobenzenes to azobenzenes using AuNPs dispersed on 
zirconia as a photocatalyst under visible light. Fine AuNPs have been used for centuries 
in stained glass windows, however, it was only recently found that many organic 
reactions usually run at extreme temperatures can be catalysed by AuNPs. This includes 
the oxidation of various substrates and the reduction of nitrobenzene.74,254 Due to the 
surface plasmon resonance (SPR) effect, AuNPs can absorb visible light strongly.255,256 
For typical spherical AuNPs, the light absorption is normally between 520 and 550 nm 
and this allows generation of excited electrons in the AuNPs.257 More importantly, the 
light absorption region of 520 to 550 nm corresponds to the gap between the Soret and Q 
bands of a typical porphyrin and this might be beneficial for having AuNPs as catalyst in 
a porphyrin reaction. Hence, the synthesis of azoporphyrins 39 with free meso-positions 
from nitroporphyrins was attempted. 
 
6.2 Reaction Conditions 
The AuNPs on zirconia were kindly provided by Prof Zhu and their preparation can be 
found in the literature, where they reported the reduction of nitroaromatic compounds to 
azobenzenes on supported AuNPs using visible and ultraviolet light.63 Figure 6.2.1 
shows that gold exists on ZrO2 as nanoparticles of about 6 nm in size. The experimental 
conditions can be found in Scheme 6.2.1, where a dark control was carried out to test the 
necessity of the irradiation. The general steps required for the isolation of porphyrinoid 
compounds from the reactions are shown in Figure 6.2.2.  
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Figure 6.2.1 Transmission electron microscopy (TEM) image of 3 wt% gold nanoparticles on ZrO2. 
 
 
N
N N
N
Ar
Ar
NO2
Ar = 3,5-tBu2C6H3
Ni
93
standard conditions
AuNPs/ZrO2, h
KOH/iPrOH, argon, 40 °C
toluene
AuNPs/ZrO2
KOH/iPrOH, argon, 40 °C
toluene
dark control
 
Scheme 6.2.1 Reduction reactions conducted in an argon atmosphere at 40 °C. Standard conditions 
= 16 mg nitroporphyrins 93 and 50 mg AuNPs (3 wt%) in 5 mL KOH/iPrOH solution and 5 mL 
toluene. Reaction time = 1 hr. 
 
 
Figure 6.2.2 General steps required for the isolation of porphyrinoid compounds from the AuNPs 
experiments with nitroporphyrins. 
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6.3 Results and Discussions 
It was found that with 5 mg of AuNPs, no conversion of nitroporphyrins can be detected 
at all. As in Scheme 6.2.1, all the reactions were carried out under argon atmosphere and 
very low conversion of reactant was found if the reactions were carried out under 
oxygen atmosphere. Not only that, omission of water work-up resulted in severe loss of 
porphyrins. Unfortunately, with or without irradiation, the starting nitroporphyrin 93 was 
completely converted to a complex mixture of many porphyrinoid products, most of 
which are new, however no azoporphyrin 39 was found in the complex mixture of 
products (Scheme 6.3.1). 
 
Scheme 6.3.1 Proposed synthesis of azoporphyrin 39 from the reduction of nitroporphyrins 93 using 
supported AuNPs. 
 
Upon column chromatography, some of the compounds were able to be identified 
spectroscopically (See Figure 6.3.2). 
 
 
Figure 6.3.1 Part of the complex mixture isolated from one of the reactions carried out with AuNPs. 
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Figure 6.3.2 Porphyrinoid compounds identified from the reactions carried out with AuNPs. 
 
Due to the small scale of the reactions and the fact that numerous fractions were 
obtained from every reaction, no sensible percentage yield can be calculated from those 
products isolated as they were all in very insignificant amounts and some of the fractions 
still consist of several inseparable compounds. Nevertheless, the MS assignments for all 
the above identified compounds are tabulated in Table 6.3.1. The 1H NMR spectra of the 
three new compounds are also shown in Figure 6.3.3. 
 
Table 6.3.1 Electrospray Ionisation (ESI) MS assignments for porphyrinoid compounds identified. 
Experimental (m/z) Calculated (m/z) Assignment Compound 
758.3757 758.3727 [M+H]+ 96 
816.4158 816.4146 [M+H]+ 159 
830.3977 830.3939 [M+H]+ 160 
773.3389 773.3360 [M+H]+ 161 
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Figure 6.3.3 1H NMR spectra of the three new compounds 158, 159 and 160 with the t-butyl region 
omitted. The spectra are colour-coded based on the colour of the structures shown in Figure 6.3.2. 
 
6.4 Conclusions 
Sadly, the drawback of the reaction using AuNPs was its lack of selectivity and it was 
also not reproducible. In summary, the variety of products indicates that numerous redox 
processes are being induced by the AuNPs (or the zirconia, or the base, etc.).  More 
importantly, nucleophilic C-H activation is also favoured, as shown by the presence of 
several novel isopropoxyporphyrins such as 159 and 160. Although not all the products 
isolated were successfully identified, evidence of several products with interrupted 
conjugation can be found based on the upfield shifts in 1H NMR spectra. It was also 
noteworthy to point out that even without visible light irradiation, a rainbow of 
unidentifiable porphyrinoid products was obtained. Due to the above reasons, no further 
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studies of the reactions of other functionalised porphyrins in the presence of AuNPs 
were pursued. 
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